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Summary, The relationship between the speed of the fastest possible 
voluntary contractions and their amplitude was examined for several hand- 
and forearm muscles under isometric and isotonic conditions. 

The consistent finding was the amplitude dependence of the speed of the 
fastest voluntary efforts: the larger the amplitude, the faster the contraction. 
The increase of the rate of rise of isometric tension or of the velocity of 
isotonic movements with rising amplitude was linear. The slope of this 
relationship was the same for three different hand- and forearm muscles 
examined. 

The duration of the contractions measured from onset to peak was 
approximately constant for all amplitudes. The duration of the EMG-burst  
recorded from the contracting muscle was similar as the time from onset to 
peak of the contraction. 

These results show that the skeleto-motor speed control system operates 
by adjusting the velocity of a contraction to its amplitude in such a way that 
the contraction time remains approximately constant. It is suggested that this 
type of speed control is a necessary requirement for the synchrony of 
synergistic muscle contractions. 

Key words: Voluntary contractions - Speed control - Synergistic innervation 
- Open-loop movements 

In the oculomotor system, saccadic and pursuit movements are regarded as 
products of independent control systems. In the skeleto-motor system there is 
no counterpart  for this type of organization. Limb muscles can produce 
movements resembling the saccadic or the pursuit type. Since these can be 
transformed voluntarily and gradually into each other they should be considered 
as merely representing varieties along a continuum of possible performances. 
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This  is no t  the  case  in the  o c u l o m o t o r  sys tem where  the  d i f fe ren t  veloci t ies  of  
the  two types  of  m o v e m e n t s  d e p e n d  u p o n  visual  and  ves t ibu la r  inputs  bu t  can 
no t  be  in f luenced  voluntar i ly .  

This d i f ference  in the  vo lun ta ry  con t ro l  of  eye  and  l imb m o v e m e n t s  is the  
r ea son  for  thei r  d i f ferent  access ib i l i ty  to sys tems analysis .  The  s tudy of  
i n p u t - o u t p u t  r e la t ionsh ips  has b e e n  p r o v e n  to  be  a power fu l  a p p r o a c h  for  the  
inves t iga t ion  of  the  o c u l o m o t o r  system.  Its app l i ca t ion  for  the  examina t i on  of  
l imb movemen t s  is r e s t r i c t ed  to re f lex  studies.  I t  is t he r e fo re  diff icult  to  ex t end  
the  analysis  of  voluntary con t rac t ions  b e y o n d  a pu re ly  descr ip t ive  level.  

O n e  poss ib i l i ty  to  escape  this diff icul ty is the  e x a m i n a t i o n  of  se l f - in i t i a ted  
con t rac t ions  whose  p e r f o r m a n c e  is l imi ted  by  the  p rope r t i e s  of  the  system.  W e  
have  chosen  such a n  e x p e r i m e n t a l  cond i t ion  by  s tudying the  fastest  poss ib le  
vo lun ta ry  con t rac t ions  of  h u m a n  h a n d -  and f o r e a r m  muscles.  These  con t rac t ions  
are  no t  the  sub jec t  of  vo lun ta ry  mod i f i ca t ion  with  respec t  to fu r the r  inc rease  of  
veloci ty .  I t  is t he r e fo re  poss ib le  to  inves t iga te  to  wha t  ex tend  the  l imi ta t ion  of  
the i r  ve loc i ty  is neu ra l  or  mechan ica l  in na ture .  

O u r  expe r imen t s  show tha t  the  s p e e d  of  the  fas tes t  vo lun ta ry  con t rac t ions  is 
not  l imi ted  by  mechan ica l  factors  bu t  is a d j u s t e d  by  the cen t ra l  p r o g r a m  to k e e p  
the i r  r ise t ime  a p p r o x i m a t e l y  cons tan t  no m a t t e r  how s t rong  they  are.  This  
o rgan iza t ion  is d i f fe ren t  f rom the  o c u l o m o t o r  sys tem w h e r e  saccade  d u r a t i o n  
increases  l inear ly  wi th  a m p l i t u d e  (Rob inson ,  1964).  The  i n d e p e n d e n c e  of  the  
t ime  of  con t rac t ion  o f  ske le ta l  muscles  f rom the  final force  level  or  angle  of  
m o v e m e n t  is r e g a r d e d  as r ep r e sen t i ng  a necessa ry  cond i t ion  for  the  synchrony  
of  synergis t ic  musc le  act ion.  The  cen t ra l  r egu la t ion  of  m a x i m u m  con t rac t ion  
ve loc i ty  revea ls  the  p re se rva t ion  of  this pr inc ip le  for  the  fas tes t  m o t o r  
pe r fo rmances .  

Methods 

Instructions and Experimental Procedure 

Experiments were performed on six healthy male volunteers aged from 24-40 years. One of them 
was left handed. Subjects sat in a comfortable chair with arm rests. A large screen digital 
oscilloscope (Omniskop EM 541 Elema Schonander, 12" videotube) was used for the display of the 
visual clues for their motor tasks. Two sets of experiments wereperformed: For the first, the subjects 
were instructed to perform isometric contractions or isotonic movements as fast as possible. The 
strength or angle of these contractions was not prescribed for the single trial but could be freely 
varied between very weak and the strongest possible contractions for the isometric, and between the 
smallest and largest angle movements for the isotonic condition. Isometric and isotonic contractions 
were examined at different sessions. 

In a second set of experiments, the subjects had to achieve a given target level as fast as possible. 
The target force or angle was continuously displayed by one trace on the oscilloscope 10 cm above a 
second trace indicating the zero level for the force or movement recording. The task was to move the 
lower trace towards the upper as fast as possible and with an accuracy of 10% of the target range. 
The distance between these two traces on the oscilloscope was kept constant throughout all 
experiments. 

The subjects were given a practise sequence to allow them to familiarize themselves with the 
system before starting the test sequence. In the target condition the tension was varied in 8 steps 
between 5 and 100% maximal voluntary contraction and the angle in 6 steps. Each experimental 
session included one of the four experiments on voluntary contractions (target and non-target 
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condition for both, isometric and isotonic contractions). The minimum interval between two 
subsequent trials was > 30 sec. The entire experiment spread over a period of 1 week. No fatigue 
with respect to maximum velocity or force was observed throughout the experiment. 

For three target levels, a sample of 20 contraction curves was recorded at each tension or angle. 
Their amplitudes were in every case distributed normally about their mean value and the variance of 
the distribution was small (< 10 % of the contraction in the successive trials). The mean values of the 
same experiment repeated at different days showed no significant differences. 

Recording System: Tension Recording 

Tension was measured with a d.c. strain gauge bridge whose working range was 0-10 kg. The strain 
gauge could be rigidly mounted to either the medial, upper or lower aspect of the proximal phalanx 
of the forefinger for tension recording from the first dorsal interosseus/adductor pollicis, extensor or 
flexor indicis muscle respectively. For tension recording, the arm lay comfortable on the arm rest. 
The hand was fixed on the support for the strain gauge by rigid bands. The forefinger of the right 
hand was inserted into the hole of a plastic block which was attached to the strain gauge. The hole 
was adjusted by screws to enclose the finger firmly so that the tension recording was virtually 
isometric. This arrangement was thus different from that used in previous experiments (Freund et 
al., 1975; Btidingen and Freund, 1976). The output of the strain gauge was fed into a d.c. amplifier 
which was connected to the oscilloscope. 

For the measurement of isotonic movements of the forefinger the arm and/or hand was inserted 
into a rigid plastic sleeve preventing any movements of the elbow and/or hand. The angle of the 
movement of the hand- or forefinger was measured by means of an angular position transducer 
centered to the wrist or proximal phalangeal joint representing the axis of rotation. For isotonic 
movements, only flexion and extension of the forefinger were measured. The experimental zero 
position of the finger was 20 ~ flexion. 

Isometric tension of isotonic movement were displayed on the digital oscilloscope in front of the 
subject. 

For measurement the force or movement records were fed to a digital oscilloscope (Nicolet 
1090, 100 x 80 mm). High gain a.-c. coupled force or displacement records were used for triggering. 
The midsignal trigger mode provided full display of the onset of the contractions. All records could 
be plotted on an X.-Y. plotter. 

Results 

The Dependence of the Maximal Rate of Rise of Tension on the Strength of  
Contraction 

T h e  fas tes t  poss ib l e  v o l u n t a r y  i s o m e t r i c  c o n t r a c t i o n s  o f  t h e  e x t e n s o r  indic is  

m u s c l e  ( I )  a r e  s h o w n  for  " f r e e "  c o n t r a c t i o n s  ( n o n - t a r g e t  c o n d i t i o n ;  see  

m e t h o d s )  in F i g u r e  1 A  for  8 d i f f e r e n t  f o r ce  levels .  T h e  m a x i m a l  v o l u n t a r y  

c o n t r a c t i o n  in this  s u b j e c t  was  2.3 kg ( u p p e r  c u r v e )  so t h a t  t h e  c o n t r a c t i o n s  

s h o w n  c o v e r  t h e  w h o l e  fo r ce  r a n g e  o f  t h a t  musc l e .  T h e  c o n s i s t e n t  r e su l t  was  t h e  

s t eep  i n c r e a s e  o f  t he  r a t e  o f  r ise  o f  t e n s i o n  ( R R T )  at  succes s ive ly  s t r o n g e r  

c o n t r a c t i o n s .  T h e  t i m e  b e t w e e n  t h e  o n s e t  a n d  t h e  p e a k  o f  t h e  c o n t r a c t i o n s  

s h o w e d  a s l ight  i n c r e a s e  wi th  i n c r e a s i n g  a m p l i t u d e .  

In  t h e  t a r g e t  c o n d i t i o n ,  in w h i c h  t h e  sub j ec t s  h a d  to a c h i e v e  a g iven  t a r g e t  

f o r c e  l e v e l  as fast  as poss ib le ,  a s imi la r  i n c r e a s e  o f  R R T  wi th  a m p l i t u d e  was  

o b s e r v e d  (Fig.  1B).  T h e  t i m e  o f  t h e  c o n t r a c t i o n  r e m a i n e d  a p p r o x i m a t e l y  

c o n s t a n t  i r r e s p e c t i v e  o f  its a m p l i t u d e .  T h e  sma l l  v a r i a t i o n s  b e t w e e n  t h e  

c o n t r a c t i o n s  o f  d i f f e r e n t  a m p l i t u d e  d id  n o t  e x c e e d  t h e  v a r i a n c e  b e t w e e n  
succes s ive  tr ials  at  t h e  s a m e  f o r c e  l eve l .  
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Fig. 1. The fastest voluntary isometric 
contractions of the extensor indicis muscle are 
shown for free (non-target) contractions in 
A and for target directed contractions in B. 
The dashed line represents the mean 
contraction time for each sample 
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Fig. 2. Dependence of the rate of rise of tension of the fastest possible voluntary target directed 
isometric contractions on the peak force level. The regression lines calculated for the experimental 
values obtained from the first dorsal interosseus/adductor, pollicis muscles of three subjects are 
labelled a-c. The regression equations are given to the right of the diagram. Dashed line: 
theoretical regression line for a contraction time of 100 msec (see text). The rate of rise of tension 
was calculated for the time from onset to peak of the contraction 
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Fig. 3. Rate of rise of tension of the 
fastest possible voluntary target 
directed isometric contractions 
plotted against the peak force level 
for three different muscles: first 
dorsal interosseus adductor pollicis, 
extensor and flexor indicis 
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The mean contraction times of the two samples are indicated by the dashed 
lines in Figure 1A and B. They were 88.3 + 11.7 msec for the non-target 
condition and 92.8 + 4.9 msec for the target condition. This difference is not 
statistically significant. 

In the target condition the increase of RRT associated with increasing 
strength of contraction is plotted in Figure 2 for 3 different subjects (a-c).  The 
RR T was calculated for the entire contraction measured from onset to peak. 
The full lines are the regression lines for the values obtained for the first dorsal 
interosseus/adductor pollicis muscles. As revealed by the correlation 
coefficients, the relationship is strongly linear. Because R R T  = f 7 - ,  a linear 
correlation implies that the time of the contraction remains constant: 

f 
- m f + c .  

t 

where f = isometric force and t = time. 
In the case of m = 10 and c = 0 (dashed line), t = ~ -  Sec. The values for the 
three regression lines (a-c) are close to this contraction time. 

In the non-target condition the relationship is not linear, because the small 
amplitude contractions are slightly faster than in the target condition. The 
additional time necessary for precise target aquisition of smaller contractions 
was, however, very small (cf. Fig. 1A and B). 

Comparison between Different Muscles 

The comparison between the RRT-force  relationship of three different muscles 
of the right hand- and forearm of one subject is shown in Figure 3 for the target 
condition. Experiments on each muscle were performed on different days. All 
muscles acted on the same finger. The different force range of the three muscles 
can be seen from the different extent of the symbols along the regression line. In 
this case, each symbol represents mean values of 10 successive contractions. All 
three muscles show the same RRT-force  relationship. This result was confirmed 
by experiments on the other subjects. 
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Fig. 4. A Dependence of the rate of rise of tension on 
target force calculated for different fractions 
of the contraction curve. D, x and O are the values 
calculated for each third of the peak amplitude as 
illustrated by the insert. The triangles represent the 
rate of rise calculated for the whole contraction curve 
and the dots the maximum rate measured from the 
peak of the differentiated curves. The time needed for 
each third is plotted in B 

A s  a consequence ,  the  r ise t ime  of  the  fas tes t  poss ib le  con t rac t ions  is the  
same  for these  t h ree  muscles.  Since the  force  r ange  of  the  muscles  is qu i te  
d i f fe ren t  this indica tes  tha t  the  R R T  of  the  muscles  d e p e n d s  on  the  abso lu t e  
force  level.  In  one  sub jec t  t en ta t ive  e x p e r i m e n t s  were  p e r f o r m e d  on  the calf  
muscles .  The  task  was to ex tend  the  foot  as fast  as poss ible .  The  con t rac t ion  
t imes  were  also in the  8 0 - 9 0  msec  range .  

Comparison between Different Parts of the Contraction Curve 

F o r  l a rge r  r a p i d  pos i t iona l  m o v e m e n t s  it  has f r equen t ly  been  r ecogn ized  tha t  
d i f ferent  s tages can be  d is t inguished.  The  d is t inc t ion  b e t w e e n  a fast  d i s tance  - 
cover ing  and a s low h o m i n g - o n - t a r g e t  phase  has been  m a d e  by  A n n e t t  e t  al. 
(1958)  and  W e l f o r d  e t  al. (1969) .  Because  the  ini t ial  pa r t  of  the  curve is as 
d i f fe ren t  f rom the  s teep  rising s lope  as is the  t a rge t  aquis i t ion  po r t i on  we have  
m e a s u r e d  the t ime  n e e d e d  to accompl i sh  these  d i f ferent  par t s  separa te ly .  F o r  
this p u r p o s e  the  a m p l i t u d e  of  the  i somet r i c  con t rac t ions  of  the  first do r sa l  
i n t e r o s s e u s / a d d u c t o r  poll icis  muscles  of  one  sub jec t  ( t a rge t  condi t ion)  was 
subd iv ided  into th i rds  (see inser t  Fig. 4 A )  and  the  average  R R T  was ca lcu la t ed  
for  each  of  these  segments  (Fig. 4A) .  in  add i t ion ,  the  t ime  n e e d e d  for  each  th i rd  
was m e a s u r e d  (Fig. 4B).  The  resul ts  show tha t  for  bo th  the  ini t ia l  and  t e rmina l  
th i rd  abou t  40 msec  a re  n e e d e d ,  no m a t t e r  how s t rong the  con t rac t ions  are  
whereas  the  midd le  th i rd  t akes  a b o u t  20 msec.  Co r r e spond ing ly  the  R R T  
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Fig. 5. The fastest possible isometric contractions 
of the first dorsal interosseus/adductor pollicis 
muscles starting from 5 different force levels which 
were maintained 10 sec prior to the rapid 
contractions. The task was to increase force by 
1 kg as fast as possible at each force level 
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calculated for the first and last third have similar values but are about twice as 
fast for the middle third (Fig. 4A). For comparison, the maximal rate of rise of 
tension measured from the peak of the differentiated curve (RRTMax) is 
illustrated by the dotted line and the RRT calculated for the whole contraction 
by the dashed line. The slope RRTM~x : f is 18, the contraction time calculated 
from this value 55 msec. This would represent the contraction time if the 
contraction would consist solely of its steepest part. 

The Influence of Stationary Contractions of Different Strength Maintained Prior 
to the Rapid Contractions 

In the experiments reported so far, the contractions always started from zero 
force. In the experiment shown in Figure 5 the subjects were asked to maintain a 
steady force level 10 sec prior to the phasic contraction. The task was to increase 
each of the five force levels by 1 kg as fast as possible. 

The R R T and the time of contraction are similar at all force levels so that 
both parameters are independent of the force exerted prior to a rapid 
contraction. 

The Dependence of the Speed of  Isotonic Movements on Their Amplitude 

If the maximal speed of isotonic movements was examined, analogous to the 
isometric contractions, a similar dependence on amplitude was observed as for 
the RRT. Figure 6 shows a typical sample of curves obtained for finger flexion in 
the target condition. Target directed movements required approximately the 
same time no matter  how large the angle of movement.  Non-target  movements 
showed a similar small increase of the time between onset and peak of the 
movement with increasing amplitude as was observed for the isometric 
contractions. The mean values were 84 + 3.6 msec for the target and 76 + 10.7 
msec for the non-target condition. Comparing isotonic movements and 
isometric contractions the time from onset to peak was similar in the two 
conditions. 
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Fig. 6. The fastest possible isotonic hand movements (flexion) plotted for different angles 

As in the isometric condition, extension and flexion of the, forefinger had 
similar contraction times. The mean values for the target condition were 84 + 
3.6 msec for finger flexion and 81.3 + 2.8 msec for finger extension. These 
differences were not statistically significant. 

The Relationship between the Electrical and Mechanical Events during Rapid 
Contractions or Movements 

The electromyographic activity of the contracting muscle was recorded by 
surface electrodes. Its relation to the isometric contraction is shown in Figure 7 
for the extensor indicis muscle. The duration of the EMG  burst was the same as 
the duration of the contraction (80 msec). The same relationship was seen in the 
case of isotonic movements. More extensive and quantitative results on the 
correlation between the electrical and mechanical aspects of ballistic 
contractions will be reported in a subsequent article. 

Simultaneous recordings from both the agonist and antagonistic muscles 
showed an almost synchronous activation. This is shown in Figure 8 for the 
surface recordings from the flexor and extensor muscle during an isotonic 
flexion of the hand. The same coactivation was found during finger movements 
or isometric contractions. Needle recordings confirmed that the activity was 
actually recorded from the antagonistic muscles. A fast extension of the hand 
produced a similar pattern as shown in Figure 8. Qualitatively, the two 
movements could not be distinguished from each other by inspection of the 
E M G  pattern. This co-activation was found for both target and free movements. 
This illustrates how difficult the correlation between peripheral and central 
neuronal units may be when rapid movements are investigated. During slower 
alternating movements, the usual antagonistic innervation pattern was seen in 
the two muscle groups. 
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Fig. 7. Rapid isometric contraction of the extensor indicis muscle. Force record and EMG activity 

Discussion 

The consistent result of this study was that the rise time of the fastest goal 
directed voluntary contractions is approximately the same no matter how strong 
they are or what angle they cover. This is achieved by a linear increase of the 
rate of rise of tension with increasing amplitude for the isometric and of the 
velocity of the movement for the isotonic condition. The speed control system 
therefore operates by amplitude dependent regulation of contraction velocity so 
that the contraction time remains constant. 

It has already been noticed from previous experimental studies on skilled 
movements that in many voluntary motor acts the subjects varied the speed of 
movement with amplitude to keep the duration relatively constant (Searle and 
Taylor, 1948; Taylor and Birmingham, 1948; Annett et al., 1958; Johns and 
Draper, 1964). Similar observations were made by Katz (1948) when measuring 
the time required for automatic fast writing movements of different amplitude. 
In these experiments, variation of the height of the letters by a factor of five did 
not change the duration for the performance of each letter and word 
significantly. The time needed for one letter was 210-300 msec so that these 
movements can be regarded as ballistic movements. These observations were all 
made on ballistic movements of less than half a second duration. It is therefore 
suggested that this type of regulation is not only characteristic of the fastest but 
also of somewhat slower movements as long as they are still ballistic. The term 
ballistic movement was originally used for a certain type of pathological 
movements in extrapyramidal motor disorders. According to present convention 
is also used for a category of preprogrammed open-loop movements whose 
execution ends before they can be modified by sensory- or feedback 
information. This type of movement is frequently used in every day life and 
fundamental for skilled motor performances, in particular for the primate hand. 

The speed control system can only operate in the way described if the fastest 
contractions are not limited mechanically by properties of the muscle fibres. 
Otherwise the large amplitude contractions could not be performed many times 
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Fig. 8. Rapid isotonic movement (flexion) of the hand (upper trace). The EMG activities of the 
extensor (middle trace) and flexor muscles (lower trace) are shown below the movement record 

as fast as small amplitude contractions. The amplitude dependent  variation of 
the speed of muscle contractions must therefore be achieved by neural 
commands. The neuronal mechanisms for speed regulation are changes in 
recruitment and firing rate. For rapid contractions recruitment will not 
participate in speed regulation, because the motor units of a muscle are 
recruited almost simultaneously (Biidingen and Freund, 1976). The variation of 
the speed of rapid contractions will therefore depend on changes in firing rates. 

In stimulation experiments on cat muscles the rates necessary to produce 
the fastest isometric contractions are considerably higher than those to 
achieve maximum force (Cooper and Eccles, 1930; Bullet 
and Lewis, 1965). The same observation has been made for electrical 
stimulation of a human muscle (Merton, 1954). In the cat experiments the 
optimal stimulus interval was close to the absolute refractory period. The 
plateau of the active state in the sarcomeres was estimated to be below 3.3 msec 
for cat soleus muscle (Bullet and Lewis, 1965). The highest motor unit firing 
rates reported during rapid voluntary contractions of human muscles were 
120-150/sec (Marsden et al., 1971). Our measurements confirm that the firing 
rates d o  not exceed 150/sec during the fastest voluntary contractions 
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(unpublished observations). The firing rates during voluntary contractions in 
humans are therefore considerably below the optimal stimulus rates for 
electrical stimulation of cat muscles. 

The neural parameter determining the time of contraction or movement is 
the duration of the EMG burst. It is therefore suggested that the neural 
mechanisms underlying the achievement of an approximately constant 
contraction time by amplitude dependent variation of the speed of contraction 
are constant burst duration and modulation of spike density. 

According to Kornhuber's hypothesis (1971), the correct timing of the burst 
duration is accomplished by the cerebellar cortex. This is in agreement with the 
experimental results of Conrad and Brooks (1974) who found that the program 
for generating the correct amount of force for the correct amount of time was 
disturbed after dentate cooling. On the other hand, the impairment of the 
generation of accurate ballistic actions has been found to represent the basic 
defect in Parkinsonian movements but was not present in patients with intention 
tremor (Flowers, 1975, 1976). This favours the view that various parts of the 
motor system contribute to the elaboration of the central program for ballistic 
movements. 

The type of organization described is clearly different from the oculomotor 
system, where the amplitude of the saccades depends on the duration of the 
oculomotor discharge (Fuchs and Luschei, 1970; Robinson, 1970; Schiller, 
1970). This difference between the two systems can not be attributed to the 
different mechanical conditions of eye and limb movements because the speed 
regulation is the same for isometric and isotonic contractions. If the skeleto- 
motor system would be organized in a manner similar to the oculomotor system 
the extent of the most rapid limb movements would depend on their duration. 
Because almost all limb movements need co-contractions of several synergistic 
muscles, this would imply that all the muscles participating in synergistic 
movements with different effort would have to start contracting at different 
times. This would demand very complicated motor programs for sequential 
innervation of synergistic muscles. A much easier way to match the 
requirements of the limb muscles is to make velocity the regulated variable 
determined by contraction amplitude instead of duration. In this case, the peak 
of the contraction can always be achieved by all the muscles at the same time no 
matter how much they contribute. 

References 

Annett, J., Golby, C.W., Kay, H.: The measurement of elements in an assembly task - the 
information output of the human operator. Quart. J. exp. Psychol. 10, 1-11 (1958) 

Biidingen, H.J., Freund, H.-J.: The relationship between the rate of rise of isometric tension and 
motor unit recruitment in a human forearm muscle. Pfliigers Arch. 362, 61-67 (1976) 

Buller, A.J., Lewis, D.M.: The rate of tension development in isometric tetanic contractions of 
mammalian fast and slow skeletal muscle. J. Physiol. (Lond.) 176, 337-354 (165) 

Cooper, S., Eccles, J.C.: The isometric responses of mammalian muscles. J. Physiol. (Lond.) 69, 
377-385 (1930) 

Conrad, B., Brooks, V.B.: Effects of dentate cooling on rapid alternating arm movements. J. 
Neurophysiol. 37, 792-804 (1974) 



12 H.-J. Freund and H.J. Btidingen 

Flowers, K,A.: Ballistic and corrective movements on an aiming task: intention tremor and 
Parkinsonian movement disorders compared. Neurology (Minneap. 25, 413-421 (1975) 

Flowers, K.A.: Visual 'closed-loop' and 'open-loop' characteristics of voluntary movement in 
patients with Parkinsonism and intention tremor. Brain 99, 269-310 (1976) 

Freund, H.-J., Btidingen, H.J., Dietz, V.: Activity of single motor units from human forearm 
muscles during voluntary isometric contractions. J. Neurophysiol. 38, 933-946 (1975) 

Fuchs, A.F., Luschei, E.S.: Firing patterns of abducens neurons of alert monkeys in relationship to 
horizontal eye movement. J. Neurophysiol. 33, 382-392 (1970) 

Johns, R.J., Draper, I.T.: The control of movement in normal subjects. Bull. Johns Hopk. Hosp. 
115, 447-464 (1964) 

Katz, D.: Gestaltpsychologie. pp. 124-129. Basel: Schwabe 1948 
Kornhuber, H.H.: Motor functions of cerebellum and basal ganglia: the cerebellocortical saccadic 

(ballistic) clock, the cerebellonuclear hold regulator, and the basal ganglia ramp (voluntary speed 
smooth movement) generator. Kybernetik 8, 157-162 (1971) 

Marsden, C.D., Meadows, J.C., Merton, P.A.: Isolated single motor units in human muscle and 
their rate of discharge during maximal voluntary effort. J. Physiol. (Lond.) 217, 12P (1971) 

Merton, P. A.: Voluntary strength and fatigue. J. Physiol. (Lond.) 123, 553-564 ( 1954) 
Robinson, O.A.: The mechanics of human saccadic eye movement. J. Physiol. (Lond.) 174, 

245-264 (1964) 
Robinson, O.A.: Oculomotor unit behaviour in the monkey. J. Neurophysiol. 33, 393-404 (1970) 
Schiller, P.H.: The discharge characteristics of single units in the oculomotor and abducens nuclei of 

the unanesthetized monkey. Exp. Brain Res. 1O, 347-362 (1970) 
Searle, L.V., Taylor, F.V.: Studies of tracking behaviour. I. Rate and time characteristics of simple 

corrective movements. J. exp. Psychol. 38, 615-631 (1948) 
Taylor, F. V., Birmingham, H. P.: Studies of tracking behaviour. II. The acceleration pattern of quick 

manual corrective responses. J. exp. Psychol. 38, 783-795 (1948) 
Welford, A.T., Norris, A.H., Shock, N.W.: Speed and accuracy of movement and their changes 

with age. In: W. G. Koster (Ed.), Attention and Performance, II. Acta Psychol. (Amst,) 30, 3-15 
(1969) 

Received March 8, 1977 


