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Figure 1 i l l u s t r a tes  an above-elbow amputee f i t t e d  with a three-degree-of-freedom prosthet ic arm. The 
development of a successful prosthet ic arm requires the completion of two tasks. F i r s t ,  a con t ro l le r  must 
be devised which can determine an amputee's desired limb motions by monitoring a set of amputee generated 
signals. For example, the con t ro l le r  monitors a set of  EMG signals from selected muscles and the kinematic 
state of the limb. Secondly, an electromechanical arm must be developed which can replace the amputee's 
missing musculo-skeletal components. 

The pr incipal  object ive of th is  paper is to discuss the computational requirements for  implementation 
of a control theory current ly  being developed at the Univers i ty  of Utah (Refs. I ,  4). Br ie f  mention w i l l  
also be made of other aspects of our a r t i f i c i a l  arm development project .  Therefore, the fol lowing text  
is subdivided into four sections. 

I. The Electromechanical Hardware Currently Being Developed 
at the Universi ty of  Utah (The Utah Arm) 

I I .  The Requirements for  A r t i f i c i a l  Arm Control 

I I I .  A Review of the General Limb Control Theory 

IV. Specif ic Appl icat ion of the Control Theory to Command of a 
Limb with Powered Elbow Flexion 

I. THE UTAH ARM 

A photograph of the i n i t i a l  "Utah Arm" prototype is shown in Figure 2 Ref. (2). The device is actu- 
ated by a unique new mechanism (LADD) which is fu r ther  detai led in Ref. (3). The actuator permits r ea l i -  
zation of a mul t i -ax is  a r t i f i c i a l  limb which is superior to pr ior  ar t  in many respects. The arm is 
acoust ical ly  quiet (50 db), l ightweight ,  inexpensive, and highly responsive. The device shown incorporates 
the degrees of freedom of elbow f lex ion ,  forearm pronation, and terminal device closure. Later prototypes 
wi l l  be capable of powered humeral ro ta t ion.  

r- " - 1  ,° b - -  

Fig. 1 Fig. 2 The "Utah Arm" is an external ly  
powered prosthesis for  above-elbow 
amputees. 
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The limb is powered by a small battery pack located wi th in the humeral shell and u t i l i z e s  pulse width 
modulated power supplies for e lec t r i c  motor control .  

I I .  ARTIFICIAL ARM CONTROL REQUIREMENTS 

Consider a cont ro l le r  which u t i l i z e s  as i t s  inputs the EMG signals from a selected set of arm and 
shoulder muscles (vector ~ contains the EMG signal magnitudes) and the kinematic state of the limb. 
(Vector ~ contains the limb j o i n t  angular posi t ions,  vector ~ contains the limb angular ve loc i t i es . )  The 
output of  the cont ro l le r  is the torques which are to be applied by the prosthet ic  servo motors to the 
a r t i f i c i a l  limb (vector ~ r ~ 4 k ~  ). I f  the strategy which defines the con t ro l l e r  equation is correct ,  
the limb system w i l l  behave in a manner very s imi lar  to the natural limb and w i l l  require a minimum amount 
of  re t ra in ing by the amputee, i . e . ,  the amputee w i l l  not be required to t ra in  any muscular control s i te  
to perform in an unnatural manner. The con t ro l le r  determines the amputee's desired limb motions by in- 
te rpre t ing  a set of  normally behaving muscle EMG signals. 

The use of EMG signals for  control of  a one degree of freedom powered elbow is r e l a t i v e l y  s t ra igh t -  
forward. Since the Biceps-Triceps muscle pair  were o r i g i n a l l y  responsible for f lex ion of the amputee's 
elbow, i t  is logical  to use those signals for  control of  the prosthet ic  elbow. In pract ice the d i f ference 
between the average rec t i f i ed  value of  the EMG signal (ARV) of the Biceps and Triceps muscles is used as 
,an angular ve loc i ty  command for  the mechanical elbow. Force feedback can be used to render the servo 
mechanism load sensi t ive Ref. (7)(8) .  

Control of  a mul t ip le  degree of freedom arm such as shown in Figure 1 is a considerably more compli- 
cated task. Control of  more degrees of freedom requires the monitoring of addit ional muscle signals. The 
only addit ional muscles avai lable for  monitoring are located in the shoulder of  the amputee and the re- 
la t ionships between the i r  a c t i v i t i e s  and the desired limb motion of the amputee are not obvious. Control 
of  three degrees-of-freedom requires the determination of which EMG signals to monitor, which limb kine- 
matic s~ate information to monitor, and a de f i n i t i on  of the functional re la t ionship  between the monitored 
signals and the amputee's desired limb motion. 

The most successful attempt to control a mul t i -ax is  arm has been achieved by the "Temple Arm" 
(Ref. 6). The control approach used is pattern recognit ion and the procedure for  i t s  implementation is 
l i s ted  below. 

I .  Assume the mathematical s t ructure for the con t ro l le r .  

2. Determine quant i ta t ive  values of  parameters wi th in the con t ro l le r  
by experimentation with a normal subject (non-amputee). 

3. Apply the con t ro l le r  to an amputee in closed loop control of  a 
prosthet ic  limb. 

At the Univers i ty  of  Utah we are current ly  invest igat ing a new technique for prosthet ic limb control 
(Refs. I ,  4). I n i t i a l ,  open loop f e a s i b i l i t y  t r i a l s  of  the control theory have been'very promising. 
Closed loop experiments u t i l i z i n g  an amputee f i t t e d  with the "Utah Arm" are scheduled for  fa l l  of  1974. 
The f i r s t  experiments w i l l  be pr imar i ly  concerned with the determination of system c o n t r o l l a b i l i t y ,  
system s t a b i l i t y ,  and system repea tab i l i t y .  

I I I .  GENERAL CONTROL THEORY 

The control equation computes the torque levels which should be applied to the limb by the prosthet ic  
servos based on measurements of selected shoulder muscle EMG signals and the kinematic state of the limb. 
Derivation of the general con t ro l le r  equations is b r i e f l y  reviewed below. A more detai led descr ipt ion 
of the theory is contained in Refs. ( I ) ,  (4) ,  and (5). 

The con t ro l le r  is actual ly  a mathematical expression of the fundamental postulate which is wr i t ten 
below. 

Fundamental Postulate 

For a given arm prosthesis state (~,~) and for  an instante~us set of 
torques applied to the natural j o i n t s  by the musculature ( M ~  ) the 
con t ro l le r  should apply torques to the prostheses ( ~ r ~ o ~ ¥ , ~ )  which w i l l  
cause the c lav ic le  to move in an experimental ly determined re la t ionsh ip  
with the humerus. 
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Derivation of the contro l ler  equation begins with the motion equations for the arm linkage as shown 
in Figure 3. 

I City,co 1~.~ 

Fig. 3 Degrees of freedom 
of the natural arm 

The equations can be wri t ten in matrix form as in Equation I .  

pN, ~_,_~, and~are  matrices whose elen~ents dependon the linkage angle vector, ~,  and angular veloci ty 
vector,~. -&'is the angular acceleration vector. M~II is a vector which contains the torque applied to 
the jo in ts  of the linkage. Note that for the limb shown in Figure 3, some of the jo in ts  wi l l  be the 
natural, musculo-skeletal jo in ts  of the amputee and other jo in ts  wi l l  be those of the electromechanical 
~rosthesis. 

Observations of the behavior of the normal limb reveal that c lavicular extension and clavicular 
adduction is correlated with behavior of the remaining limb. That is ,  for most arm tasks when the arm 
reaches forward, the c lavic le moves forward s l igh t l y .  When the arm reaches up, the c lavic le follows 
s l igh t l y .  Such an observation may be represented by Equation 2. 

Vector 0 ~ ¢ ~ ; ~ e ~  contains the axes of  c l a v i c u l a r  extension and c l a v i c u l a r  adduction. V e c t o r ~ 8 . ~  
contains the remaining degrees of  freedom as shown in Figure 3. M a t r i x ~  represen t s  the exper imenta l ly  
determined r e l a t i o n s h i p  between the c l a v i c l e  and the remaining arm (humerus and forearm).  

I f ~ a n d ~ a n d ~ v e c t o r s  are p a r t i t i o n e d  into constra ined and f ree  subvectors  and i f  M~I is p a r t i -  
t ioned into subvectors which contain the torque applied to the natural jo in ts  and the torque applied to 
the prosthetic j o i n t s ,  then Equations I ,  2, and 3 may be combined to eliminate the constrained degrees 
of freedom as shown in Equation 4. 

_ 

) CO = 
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The ~, and ~-+ matrices contain the pa r t i t i oned  P~-, Q,~ ' ,  and S matr ices.  The elements of  the B, and B2 
matr ices depend on ~'4~+~ , ~ r  , and the~arameter  m a t r i x ~ .  Output from the c o n t r o l l e r  equation is  the 
torque to be applied+_ to the++ rm~ostheses Mo~o.+&+~-++~ ~ . Inputs are the kinematic s tate of  the_,.free port ion 
of  the l inkage,  0t _ , m'-t+ , and the torq'ues exerted on the natural  j o i n t~  by the muscles, Mna÷mr+t . 
Section IV w~ll deta~l tTqe form of the B, and B~ matrices for the case of elbow flexion control. 

The vector of_.natural torques, M~al, must be determined using the EMG signals from selected 
shoulder muscles (E). The desired relationship is shown in Equation 5. 

The submatrices which combine to form the G and N matr ices are der ivab le  v ia knowledge of  musculo- 
ske le ta l  anatomy, the re la t i onsh ip  between muscle tension and electromyographic s igna ls ,  muscle r e c r u i t -  
ment pat terns,  and EMG transmission cha rac te r i s t i c s .  

The torques exerted on the natural j o i n t s ,  Mn~uro~ , are re la ted  to the tension generated by a l l  o f  
the muscles which act on the j o i n t s  as shown in Equation 6. 

The anatomy mat r i x ,  ~(T),  represents the moment arms of  each muscle in vector f+'alt on each t o r q u e i n  vector 
~ + u r a l .  Note that  the elements o f  the ~(T) matr ix  can depend on the l inkage pos i t ion  vector ,  e. 

The tension developed by the muscles may be re la ted  to t h e i r  EMG signals by the approximate r e l a t i o n -  
ship shown in Equation 7. 

+ Cg, ) (T) 

Vector E+tl~represents the ave cage r e c t i f i e d  value of  the EMG signals from each of the muscles contained 
in vector f+~t . The matrices H~ and H z are the muscle modeling matr ices which depend on the limb kine- 
matic s tate ( ~ ) .  

Since a l l  o f  the muscles represented in vector E+It are not independent, i t  is  possible to reduce 
the number of  EMG signals which must be monitored. S p e c i f i c a l l y ,  an experimental study y i e l ds  Equation 8. 

.-~ o+k,_,-, = ~-,,, F__ +.,.~,..+..4,~ + ~ 2  (.8) 

The matrices ~ . a n d  ~'~ represent the re la t i onsh ip  between the EMG signals of  the muscle group E~mI~®J 
and the group E~o+t,~. . The subscr ip t  "subcutaneous" ind icates tha t  the EMG signals  are ~ b : : ÷ , ~  

measured subcutaneously at the muscle s i t e .  Therefore, va r ia t i ons  in electrode conduction to the skin 
surface (cutaneous) and cross t a l k  e f fec ts  may be included by Equation 9. 

F___ +,.~,.+.++.,+. = T ~_ +:,+:,~-,,-+.,+ (9) 

N 

The matr ix  T is  the EMG transmission mat r ix .  

s~bcu~-a~ou~ J 

Note that  the EMG vector E may be pa r t i t i oned  as shown below. 

Combining Equations 6, 7, 8, and 9 resu l t s  in the vector myogram Equation I0. 

(IO) 

Note that  Equation I0 is the desired form o f  Equation 5. In p rac t i ce ,  Equation 5 has been determined by 
performing a m u l t i - v a r i a b l e  l i nea r  regression on exper imenta l ly  obtained data ra ther  than by analys is  
(Refs. 4 and 5). 
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Combining Equations (4) and (5),  y ie lds Equation ( I I ) .  

M ~,,-o,4-~,,..-,'-;,.. = (,,8, G ) E ,,,.~,.,.ta + , , ') 

o , -  

Equation I I  is the cont ro l le r  equation which contains the ef fects of factors such as musculo-skeletal 
anatomy, muscle modeling, muscle recruitment, limb dynamics, and observed normal limb motion. 

The next section w i l l  u t i l i z e  the above theory to develop a con t ro l l e r  for  a one degree of freedom 
powered elbow. 

IV. APPLICATION OF THE THEORY TO CONTROL A POWERED ELBOW 

For i n i t i a l  evaluation of the theory, we intend to apply the cont ro l le r  equation to a powered pros- 
the t i c  elbow. Later studies w i l l  include more degrees of freedom. 

To reduce the general equation to a one degree of'freedom con t ro l l e r ,  a coordinate system for  the 
l inkage must be defined as shown in Figure 4. 

Fig. 4 Coordinate system for  der ivat ion 
of the powered elbow con t ro l l e r  

o, represents the degree of freedom shoulder f lex ion and o2 represents the degree of freedom elbow f lex ion .  
Torque about the shoulder, M,, w i l l  be determined by monitoring EMG signals of selected shoulder muscles. 
The elbow torque to be applied to the prosthesis, M L, w i l l  be determined by the cont ro l le r .  

Determination of the control equation begins with the de f in i t i on  of the ~, ~, ~, and ~ matrices (see 
Equation I ) .  For the l inkage shown in Figure 3, the matrices are: 

Q =  

I 

I- -# 
f 

O 

5 = a~d e , = ~  ~ o ~ = ~  
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= m, 

' LI * 

m, and m z are the l inkage masses. I, and I~ are the l inkage moments of i ne r t ia  about the l inks centers 
of  gravi ty .  £, and £z are the l inkage lengths. L, and L ~  are the lengths from the pivots to the center 
of  grav i ty  of the l inks.  

The motion constra int  is expressed by Equation (12). 

e, (iz) 

Partitioning Equation (I) with the P', ~, ~, and ~matrices inserted and combining with Equation (12) yields 
the controller Equation (13). 

where 

C050z 

For the case where the humerus is to be relatively immobile (~ is approximately equal to zero), Equation 
(13) reduces to Equation (14). 

Equation (14) computes the elbow torque, M 2, which, for  a given forearm state (O~,~m) and shoulder torque, 
M~, w i l l  cause the humerus to remain immobile (o L remains approximately equal to zero). 

The shoulder torque, M,, is determined via the VMG equation (~quation 5). Elements of the ~ and-~ 
matrices are assumed to be constants. Numerical values for G and N are determined by performing a mul t i -  
variable l inear  regression on experimental data obtained from an amputee. Data is obtained by simultan- 
eously recording muscle EMG's and shoulder torque outputs while the experimental subject performs speci f ied 
tasks. References ( I ) ,  (4),  and (5) fu r ther  deta i l  the procedure for  obtaining the ~ and ~mat r i ces .  

Computation 

With Equations (5) and (14) determined, the con t ro l le r  may be implemented by a d ig i t a l  computer. 
The procedure w i l l  be as fol lows: 

I.  The EMG signals from up to 9 shoulder muscles of the amputee w i l l  be monitored. 
Using analog c i r c u i t r y  the raw EMG signals w i l l  be r e c t i f i e d  and f i l t e r e d  to produce 
a voltage which corresponds approximately to the tension generated within each muscle 
(the voltage is the average rec t i f i ed  value of the EMG, ARV). Preliminary experiments 
indicate that the number of signals monitored might be reduced to as low as 4 or 5. 
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2. 

3. 

The processed EMG signal ,  vector E, w i l l  then be sampled by the d ig i ta l  computer at 
at a rate of from 20 to 70 samples per second on each of the channels. Addit ional 
numerical f i l t e r i n g  of the signals may be accomplished d i g i t a l l y  i f  desired. The 
elbow posi t ion and ve loc i ty ,  o,,m 2 w i l l  also be monitored and sampled by the d ig i ta l  
computer at the same rate as the EMG channels. 

At a rate from 20 to 50 times per second, the input data vector,  ~, and %,m,, w i l l  be 
used to compute M, via Equation (5) and then to compute M, via Equation (14). M~ w i l l  
then be converted to an analog signal and applied to the torque servo located in the 
elbow of the prosthesis. Depending on the f i l t e r  requirements, the M s command w i l l  
be refreshed at a rate of from 20 to 50 times per second. 

Once the arm, the amputee, and the d ig i ta l  computer are operational as a system, extensive studies 
w i l l  be conducted to evaluate performance as a function of various system modif icat ions. Of par t i cu la r  
in te res t  w i l l  be: 

I .  System s t a b i l i t y  

2. System c o n t r o l l a b i l i t y  

3. Minimal permissible monitoring sample rates and minimal permissible 
servo refresh rates 

4. The e f fec t  of  var iat ions in the motion constra int  parameterS. 

5. The e f fec t  of  assuming that certain of the var iable elements 
in the ~ and ~ matrices are constant. 

The next step w i l l  be to apply the control procedure to limbs with addit ional degrees of  freedom. 
The ul t imate goal of the project  is the development of an a r t i f i c i a l  limb which contains a micro-processor 
for control of  the degrees of freedom, humeral ro ta t ion ,  elbow f lex ion ,  forearm ro ta t ion ,  and terminal 
device closure. 

SUPPORT AND COLLABORATION 

Effor ts  described in th is  paper have been accomplished at the Univers i ty  of  Utah in col laborat ion 
with the Liberty Mutual Insurance Company Research Center. I n i t i a l  development of  the control theory 
was accomplished at the Massachusetts I ns t i t u te  of Technology and is contained in an MIT thesis advised 
by Professor R.W. Mann. 

Grateful thanks for  support is extended to Mr. Maurice Warshaw of Salt Lake Ci ty ,  Utah, the L iber ty  
Mutual Insurance Company, and the National Science Foundation. 
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