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INTRODUCTION 

Prosthetic devices are designed to increase the action 

possibilities of an amputee. Appropriate actions with upper-

extremity prostheses are only possible when these devices 

can be controlled dexterously. Importantly, the control 

signals of the neuromotor system necessary to perform a 

goal-directed action with a prosthesis differ from those 

control signals used to perform an action with an intact 

limb. To discuss what it means for the neuromotor system to 

learn to control an upper limb prosthetic device, the current 

presentation will start from Bernstein’s (Russian original 

from 1940, published in English in 1996) insightful treatise 

on the hierarchical levels for the control of movement. From 

this overview we aim to make recommendations regarding 

the issues that research on learning to control a prosthetic 

device for the upper extremity should focus on. 

LEVELS OF CONSTRUCTION OF MOVEMENT 

Bernstein was a neurophysiologist with a primary 

interest in motor control. Based on the evolution of the brain 

he distinguished four levels of control of human movement 

that each controlled a different class of movements. These 

levels were hierarchically organized with each level 

emerging on top of the existing levels. Each new level 

emerged based on evolutionary pressure requiring a new 

class of movement. More specifically, based on new 

challenges in the environment, new actions had to evolve to 

meet these challenges. These newly evolved actions were 

accompanied with new sensory correction mechanisms. 

Based on the interplay between the newly emerged actions 

and the accompanying sensory corrections, new neural 

structures evolved. These new neural structures represented 

a new level of construction of movement and accounted for 

a new class of movements. Importantly, in evolution, and, 

thus, presumably in motor learning, motor functioning and 

sensory functioning developed mutually. 

The four levels Bernstein (1996) distinguished in motor 

control were: the level of tone, the level of synergies, the 

level of space and the level of action. The lowest level of 

motor control, and also the oldest, is that of tone. This level 

controls the background muscular force that provides 

postural stability underlying all acts. The next level is the 

one that emerged when extremities evolved; it controls the 

linking together of muscle-articular groups so that the 

numerous muscles become controllable to perform stable 

and reproducible movements. Note that sensory corrections 

were primarily based on proprioception at the level of tone 

and that of synergies. The sensory corrections at the other 

two levels are primarily visually based. The level of space 

regulates that movements reach their goals in the workspace 

surrounding the body; distances and orientations of objects 

are perceived for reaching movements to be goal-directed. 

The highest level of control is that of action, in which 

sequences of movements are controlled. This level of 

control takes care of adaptive solutions to new situations. 

The levels of tone and that of synergies are the supportive 

levels whereas the level of space and action take the leading 

role.   

LEVELS AND PROSTHETIC USE 

Level of tone 

This level of motor control is easily overlooked since it 

functions in the background in daily activities. However, for 

prosthetic control it is important to take this level into 

account. Note that the distribution of the mass of the body 

changes after an amputation. This affects the harmonicity of 

the walking pattern of an unilateral amputee. Wearing a 

prosthesis partly reduces such disturbances of walking 

patterns (Bertels et al., 2010). However, the mass and mass 

distribution of an upper limb prosthesis is different from 

that of a sound arm. This implies that the moments and 

forces around the proximal joints, such as the shoulder joint 

differ with a prosthesis compared to that of a sound arm. 

This will disturb postural control. Hence, optimizing a 

prosthesis should take such issues into account. Moreover, 

training programs may have to focus on how to incorporate 

the use of preparatory muscle activity that counteracts the 

forces that the prosthesis produces. 

Level of synergies 

Together with the level of space, the level of synergies 

is most important to consider when learning to use a 

prothesis. Active upper extremity prostheses can be broadly 

distinguished into those that are controlled with myo-signals 

and those that are body-powered, using a harness. The use 
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of both types of prostheses implies the learning of different 

synergies.  

The definition of synergies employed in the current 

paper is the one proposed by Bizzi and d’Avella (Bizzi et 

al., 2008; d’Avella et al., 2006). Muscle synergies are 

defined as a distinct pattern of activity over time of a group 

of muscles. To produce a movement a set of synergies is 

combined. To execute different movements the onset time 

and amplitude scaling of each individual synergy are 

adapted.  

For myo-electrically controlled prostheses it is 

important to understand that the myo-signals picked up by 

the prostheses’ electrodes are essentially the muscle 

activation patterns that result from the activation of 

synergies. Hence, learning to control a myo-electric 

prosthesis implies learning to activate the appropriate set of 

synergies and scale the onset timing and amplitude in an 

appropriate way. Note that in a myo-electric prosthesis 

usually the flexors and extensors of the wrist are activated to 

control closing and opening of the prosthetic hand. These 

are different muscles than are used in the sound hand, 

hence, learning to use a prosthesis implies learning new 

scaling parameters of the synergies comprising these 

muscles.   

The same is true for learning to control a body-powered 

prosthesis. However, now different synergies have to be 

learned. Usually the contra-lateral shoulder is used to 

control the hand opening of the prosthetic hand, hence, it is 

obvious that the muscles involved for the prosthetic hand 

control are different from those that are used in a sound 

hand. Thus, in this case the synergies around the contra-

lateral shoulder need to be scaled to produce the appropriate 

muscle force that controls prosthetic hand opening. 

Importantly, the sensory corrections of the body-powered 

prosthesis differs from that of the myo-electrically 

controlled prosthesis. The body-powered prostheses can be 

controlled with proprioception signals because of the forces 

required to control them. This might result in a relatively 

easier learning of the new synergies controlling the 

prosthesis because these synergies are regulated mainly by 

proprioception.  

Surprisingly, at the moment no studies are available in 

the literature addressing the change in activation of 

synergies when learning a new motor task. Moreover, the 

idea that the myo-signals picked up by myo-electric 

prosthetic devices result from synergies is in line with recent 

developments in the design of pick-up mechanisms in that 

multiple electrodes are used and that pattern recognition 

algorithms are used to detect a larger ranges of choices to 

control more complex prosthetic hands. 

Level of space 

Goal-directed reaching and grasping are controlled at 

the level of space. Reaching and grasping is done differently 

with a prosthesis than with a sound hand: (i) the grasp takes 

longer and has a relatively long decelerative phase, (ii) the 

grasp starts after the reach has been initiated, and (iii) the 

grasp profile shows a plateau phase (Bouwsema, et al., 

2010; Wing and Fraser, 1983). One of the reasons for these 

deviations in the grasping profile might be the lack of 

proprioceptive feedback about the prosthetic hand. This 

makes that prosthesis users have to rely solely on visual 

feedback for aspects of motor functioning while in the 

sound hand proprioception is a primary source of feedback. 

Training of prosthesis’ use should focus on making the 

grasp with a prosthesis more fluent. Moreover, technical 

developments should concentrate on providing more and 

appropriate sensory feedback about the prosthesis in use. 

Level of action 

The highest level of control of movement regards the 

control of sequences of actions. Two issues will be 

discussed. First, in sound behaviour the gaze usually 

precedes the manipulative actions of the hand, that is, when 

picking up an object the gaze usually arrives at the object 

before the hand and the gaze never checks the hand. The 

presentation of Bouwsema et al. (2011) will address how 

this is done with prostheses. Second, to manipulate an 

object, that object needs to be oriented relative to the hand 

in an appropriate way. This means that actions need to be 

planned in advance, so that the object is grasped in such a 

way that is appropriate for the upcoming action. This 

implies that during object manipulation switches between 

grasps have to be made. This requires prosthesis that allow 

for a swift alteration between hand posture, which require 

low attentional costs. 

This latter aspect is especially important for the recently 

developed multi-articulated prosthetic hands. Because more 

grip patterns are available with these hands, the grips can be 

adjusted to details of the function of the hand at each 

particular moment in a task performance.  

CONCLUSIONS 

We presented a view on motor control that allows to 

frame the problems of research into the use of upper 

extremity prosthetic devices in one framework. This 

framework allows for a hierarchical approach of the 

problems of prosthetic use. From this view the change 

between different grip patterns should be made easy, the 

feedback about the prosthesis should improve, the reaching 

and grasping should be more fluent, training should take 

into account that new synergies have to be learned, and the 

postural disturbances following prosthetic use should be 

considered in training and in developing prosthetic devices.  
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