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INTRODUCTION 
 Successful control of multi-degree of freedom upper limb prostheses generally uses some 
form of sequential instruction.  This is because simultaneous control of multiple inputs requires a 
considerable concentration to be operated effectively.  In contrast, the natural arm is controlled in 
a parallel manner with a high level of subconscious control.  Such control uses feedback, the 
person is rarely conscious of the feedback information, and most of the control is automatic.  
Attempts to achieve similar control with a prosthesis would requires a wide bandwidth feedback 
channel to the controller.  This is currently impractical if the controller of a multiple degree of 
freedom arm is the wearer, because only very low frequency feedback is achievable.  The 
Southampton Arm control philosophy avoids this bottleneck by keeping the low level control 
within the prosthesis and leaves low bandwidth and strategic control to the operator [1]. 
 
 This study describes the development of a control system for an artificial arm based on this 
concept.   A joystick was used to input control signals via a harness at the shoulder, allowing a 
user to manipulate the arm with small movements of their acromium.  A co-ordinate control 
strategy (inverse kinematics or IK) was implemented allowing both the shoulder and elbow 
joints of the arm to move simultaneously giving a smooth, more life like, motion.  A trial was 
developed to asses the cognitive load required to operate the arm using the Dual Task paradigm.  
Tests were carried out on 5 subjects, using two different control strategies, IK and a direct 
control  strategy (DC) using two degrees of freedom separately.   
 
BACKGROUND 
 The Southampton Arm project complemented the work on hierarchical control of the 
Southampton Hand system, which selected different grip forces and postures on a multi-degree 
of freedom hand mechanism [2], by use of touch and slip feedback to a microprocessor [3].  For 
arm control, it was observed that while arm motion could be described in terms of polar co-
ordinates [4], this is more likely to be useful for an operator that has to be concerned with the 
control of the individual joints.  It is probable that the operator is more concerned with the 
absolute position of the wrist in space in order for them to be able to target the hand for 
manipulation of the object of interest.  Thus the Southampton Arm was developed to control the 
position of the wrist from a series of inputs from the shoulder (pro-retraction, elevation and 
lateral movement of the shoulder) [1].  A six degree of freedom arm was designed and built and 
an analogue controller developed.  Naturally at the time (1977), the controller and arm were too 
large and heavy for further clinical development.   
 
 In 1997 the ToMPAW project was formed to investigate a fully modular prosthetic arm 
system controlled via a bus communications system with microprocessor controllers at each joint 
[5,6].  The advantage of such a system is that it can be extended simply, and new control formats 
can be changed easily.  Thus for this study a ToMPAW hybrid arm, consisting of shoulder and 
elbow joints from the Edinburgh Modular Arm System (EMAS), hand from Leverhulme/Oxford 
Southampton Hand project (LO/SH), was extended with an input node that contained an 
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instrumented joystick, and programmed with a series of different control formats to test how 
usable such schemes are.   
 
CONTROL INPUT 
 This joystick was connected to the shoulder of able bodied volunteers via a flexible shaft so 
that two motions of the shoulder could be mapped to the motions of the joystick (pro/retraction 
to X and elevation/depression mapped to Y) - Figure 1.  With these two motions as input they 
could then be used to control different actions of the arm.  For the experiment described here the 
actions were either the position of the wrist in a vertical plane extending from the shoulder, of 
mapping the angle of each joint to its own input. 
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Figure 1 User interface harness and layout of subject relative to the prosthetic arm 

 
 The fully modular bus structure of the arm system allows for easy addition of input 
modalities.  The master input processor then takes the signals from the node on the joystick and 
calculates required positions or motions of the individual joints depending on the control format 
employed.  The two input formats discussed here were: 
 
Direct control (DC) -  Each of the two inputs at the joystick were mapped to the control of 
individual joints, so that the prosthetic shoulder was controlled with shoulder elevation and 
elbow flexion by shoulder pro-retraction, 
 
Co-ordinated Control (IK) - The position of the wrist was mapped to a position in the plane of 
the arm motion.  For any given position of wrist within a reachable workspace (Figure 2) there 
were a unique pair of angles for the shoulder and elbow.  These values could be accessed from a 
look up table in the microprocessor’s memory and then sent on the bus to the controllers of the 
individual joints, which controlled the detailed motions.  The envelope within which the arm 
moved was positioned relative to the centre of rotation of the shoulder and for the experiments 
this centre was placed 15cm laterally to the centre of the subjects own shoulder and three targets 
were placed within the envelope close to the edge of the area, (Figures 1 and 2). 
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EXPERIMENT 
Dual Task Paradigm 
 The aim of the experiment was to assess how easy it was to use one form of control, or 
another.  One measure of ease of use is the cognitive burden that controlling the device places on 
the operator.  In this case to measure this load the Dual Task Paradigm was employed [7.8].  This 
asks a subject to perform the task of interest (ie using the control strategy under test).  The 
person’s ability at this task is then measured.  Then a second task is introduced that will occupy 
the person at the same time and their effect on the performance of each of the tasks is measured 
by the drop in performance of each of the tasks operated alone.  The combined effect of one on 
another is a measure of the mental load the primary task requires.  This can then be used to 
compare with an alternate control method also used as a primary task and measured relative the 
same secondary task. 
 
Experimental Protocol 
 Five subjects (male, able bodied volunteers, ages 21 or 22, without any experience of 
prosthetic arm use) were asked to control the arm via the joystick input in two ways, either by 
direct control (DC) of the prosthetic shoulder with shoulder elevation and elbow flexion by pro-
retraction, or by co-ordinated control (IK) with the XY position of the prosthetic wrist controlled 
by the XY position of the natural shoulder.   
 
 The primary task which used the two control formats was to ask the subject for five 
minutes to place the wrist through a sequence of target rings, placed close to the edge of the 
motion envelope.  The secondary task was to perform multiplication tables for five minutes. 
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Figure 2 Arm motion envelope and 

experimental set up, showing the reach 
envelope and the position of the targets.  

Figure 3 Individual scores for subjects 
performing the primary task alone. 

 
Sequence 
 

• Subjects were asked to perform the secondary  task alone for five minutes and every 
multiplication completed was recorded as a score of one. 
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• They were then asked to perform the primary task with one of the control formats for five 
minutes, each successful wrist through the ring was recorded as a score of one. 

 
• They were then asked to undertake both tasks at once and both scores recorded. 

 
• These last two steps were then repeated for the alternate primary task. 

 
RESULTS 
 It was observed that attempts to perform two tasks simultaneously detrimentally effected 
the performance of both tasks.   
 
Primary task - Subjects gained lower scores in Co-ordinated control (IK) task alone compared 
with the Direct Control (DC), (Figure 3), mean IK = 33±5 (standard deviation)  and mean DC = 
40±8.   
 
 Once the secondary task was added the effect on the alternate primary tasks was very 
different (Means: IK = 31±5 and DC = 34±4).  Essentially the Direct Control task was more 
effected by the secondary task. 
 
Secondary task - The secondary task was also effected by the primary task.  Alone the mean 
score for the secondary task was: 133± 30.  Both tasks had a similar effect on the secondary task 
(Means: IK = 88±30 and DC = 81±28),  Figure 4. 
 
Analysis 
 One factor that is observed is that the individuals scores depend on their ability to perform 
the task at all.  To enable meaningful comparisons between subjects, the effect of each 
individual’s performance needs to be accounted for.  Thus a better measure is the percentage 
change in the performance for each individual.   
 
A second factor that needs to be accounted for is the effect of the primary and secondary tasks on 
the performance of each other.  Thus an overall performance score was derived as being the sum 
of the percentage changes of the primary task on the secondary and the secondary task on the 
primary.  This gave an overall rating for Co-ordinated Control (IK) of 34%±12% and DC of 
41%±15%, (Figure 5).  Thus the Direct Control was more effected by the secondary task. 
 
DISCUSSION 
 The subject group was restricted to males as there is an observed difference in the ability of 
females to multi-task, relative to males and it would have been harder to separate out the 
influence of this out from the results.  The direct control task was chosen, rather than a serial 
switched direct control task, as this proved to be much slower than the Co-ordinate control task.  
While the volunteers were naive prosthesis users they were of an age and gender with facility for 
performing such tasks so that it was as equal a test between the different control paradigms as 
possible to arrange. 
 
 The aim of using the second task was to occupy some of the attention (and so by inference 
the neural capacity) of the subject so lessening the performance in both.  Thus if the data is 
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shown with the percentage of effect the tasks have on one another, the smaller the percentage 
effect recorded the more the person was able to process enough information to perform both 
tasks and so the less either occupied the attention of the subject.  Thus the smaller the change the 
“easier” the task was to perform.  
 
 In this case the co-ordinated control (IK) task was easier to perform that the direct control 
(DC). 
 
 This study has shown that it is possible to measure the cognitive load imposed by operating 
a multi-joint arm prosthesis and so objectively compare means of assessing the ease of use of 
upper limb prostheses. 
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Figure 4 Result of the change in 

performance of the two primary tasks.  
Figure 5 Overall percent change in the 

performance of both primary tasks. 
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