
FES
Materiale grafico di supporto alla lezione 

Estratto da: 
“Bioelectromagnetism” cap. 21 



funzione di attivazione

502 forrás: BioLabor Biofizikai és Laboratóriumi Szolg. Kft. www.biolabor.hu 

 

 
For cathodal stimulation and for increasing stimulus intensity, a threshold level is reached that 

results in activation. A continued increase in stimulus intensity is followed by little change in behavior 
until a level some eight times threshold is reached. At this point the hyperpolarization lateral to the active 
region can block the emerging propagating impulse. Rattay (1987) investigated this behavior 
quantitatively by solving Equation 21.10 with the ionic currents evaluated from the Hodgkin-Huxley 
equations and with the point source field of Equation 21.12. The results are plotted in Figure 21.7 for an 
unmyelinated fiber of 9.6 µm diameter (inner scales) and 38.4 µm diameter (outer scales).  

 

Figure 21.6 The cathodal applied field Vo(x) along a fiber oriented along x due to a point source, 
and 2Vo(x)/ x2 for both cathodal and anodal stimuli. The cathodal threshold current of -290 µA 
initiates activation at x = 0 which corresponds to the peak of the "activating function" 2Vo(x)/ x2. 
For anodal conditions the stimulus for threshold activation is 1450 µA and the corresponding 
activating function is shown. The fivefold increase in current is required to bring the 
corresponding (anodal) positive peak of 2Vo/ x2 to the same level it has under threshold cathodal 
conditions. Note that excitation takes place at x lateral to the point 0. (From Rattay, 1986.) 

 
Figure 21.7 may be explained as follows. For a cathodal stimulus of -4 mA and the smaller-

diameter fiber (use inner coordinate scale), excitation occurs (cross-hatched region) if the source-field 
distance rages from 0.73 to 1.55 mm (following line (A)) whereas for the larger fiber, excitation requires 
the source-field distance to lie between 0.94 and 2.44 mm (following line (B)). The spherical insets 
describe the relative minimum and maximum radii for excitation of the smaller fiber (A) and larger fiber. 
Consistent with the results obtained with myelinated fibers, we note the greater excitability of the larger 
fiber, where excitation can be initiated at a maximum distance of 2.44 mm compared with 1.55 mm for a 
fiber with one-fourth the diameter. For a bundle of fibers of different diameters and radial position, with 
no fiber interaction (i.e., each fiber behaves as if isolated), Figure 21.7 could describe the selective effect 
of any given level of stimulation of a fiber at a specified position.  
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Figure 21.7 Current-distance relationship for unmyelinated fibers. Excitation occurs for points 
lying in the shaded region. For cathodal stimulation, a minimum distance arises at the point where 
anodal block prevents the escape of the action impulse. For anodal stimulation, block does not 
occur; thus there is no lower limit on the source-fiber distance. The inner scales are for a fiber 
diameter of 9.6 µm, and the outer for a diameter of 38.4 µm. (An examination of Equations 21.10 
and 21.13 shows that scaling the excitation with respect to both current strength, source-fiber 
distance, and fiber diameter leaves the solution unchanged.) (From Rattay, 1987.) 

21.4 MUSCLE RECRUITMENT 

If a muscle fiber is electrically stimulated, it responds with a twitch, as shown in Figure 21.8. If a train of 
stimuli is supplied whose time interval is shorter than the twitch duration, then temporal summation will 
occur and a larger tensile force will be developed. For a high enough frequency a smooth (rather than 
bumpy) tension response is observed (this is the fusion frequency), leading to a maximum (tetanus) 
contraction.  

The magnitude and duration of the twitch response differ depending on the muscle fiber type. One 
can separate skeletal muscle into three general groups according to their physiological and metabolic 
properties (Mortimer, 1981):  

1. Fast twitch, glycolytic (FG): These fibers depend mainly on glycolytic metabolism with little 
oxidative. When stimulated, the twitch contraction is of short duration and the response to 
repeated stimulation shows a rapid fatigue and slow recovery. In a mixed muscle this fiber tends 
to be found near the periphery. The fiber diameter is relatively large, as is the relative strength of 
its peak force (for cat gastrocnemius a peak force of 1.5- 2.0 kg/cm2 of muscle cross-sectional area 
is reached).  

2. Fast twitch, oxidative (FO): Distinct from the FG group are the fast twitch oxidative, which utilize 
both oxidative as well as glycolytic metabolism. The response to repeated stimulation is slower to 
fatigue and quicker to recover than for the FG fiber type. The diameter of the FO fiber is smaller 
than the FG while its peak force is on the order of 2.6-2.9 kg/cm2 of muscle cross-sectional area 
for cat gastrocnemius.  
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Figure 21.3 Response at central node (n = 0) and adjoining four nodes to a point current source 
located 1 mm from the fiber and excited with a current step of 0.1 mA. The geometry is described 
in Figure 21.1. The fiber diameter is 20 µm, and the internodal spacing is 2 mm. Other parameters 
are given in Table 21.1. 

 
Returning to the case of cathodal stimulation, it is clear that for a transthreshold stimulus, activation 

occurs at node 0. A determination of the quantitative values of current strength and duration to achieve 
activation requires (at least) the use of Equation 21.6 to describe the central node. McNeal was able to 
calculate that for a 100 ms pulse the threshold current is 0.23 mA. By determinination of the 
corresponding threshold current for a series of different pulse durations, an experimental strength-
duration curve (reproduced in Figure 21.4) was constructed. This curve describes conditions under which 
excitation is just achieved for the specific case of a 20 µm fiber with a point source at a distance of 1 mm. 
Under the idealized conditions described in Chapter 3, we expect this curve to have a slope of -1 for small 
pulse duration, but this is not the case in an experimental curve. The reason for this discrepancy is that the 
experiment is affected by accommodation, distributed fiber structure, and source geometry.  

The dependence of excitability on the fiber diameter of a nerve is important since it describes how a 
nerve bundle (consisting of fibers of different diameter) will respond to a stimulus (monopole in this 
case). An examination of Equations 21.5 and 21.6 shows that changes in fiber diameter do affect the 
solution only through its link with the internodal spacing, l. Figure 21.5 gives the threshold current for a 
monopole at a distance of 1 mm from a fiber whose diameter do satisfies (2 µm do 25 µm) where the 
pulse duration is 100 µs. A 10-fold decrease in diameter (from 20 to 2 µm) affects ri and Rm 
proportionately (each increases by 10). As a rough approximation the induced transmembrane voltage at 
node 0 is the same fraction of the applied potential difference between nodes zero and 1. This potential 
decreases quite considerably for the 2 µm diameter nerve versus the 20 µm diameter one since l is 10 
times greater in the latter case. Accordingly the excitability is expected to decrease for the nerve of lower 
diameter. Figure 21.5 confirms this effect through the simulation. Note that at the larger diameters the 
slope is around -˝, meaning that the threshold is approximately inversely proportional to the square root of 
the fiber diameter.  
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Figure 21.4 Log-log plot of a strength duration that just produces activation of 20 µm diameter 
myelinated fiber from a point source of current 1 mm distant. The geometry is described in Figure 
21.1, and the fiber electrical properties are tabulated in Table 21.1. (From McNeal, 1976.) 

 
Figure 21.5 Log-log plot of the relationship between threshold current and myelinated fiber 
diameter for a point current source 1 mm from the fiber. The geometry is described in Figure 21.1, 
and the fiber electrical properties are given in Table 21.1. (From McNeal, 1976.) 
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3. Slow twitch, oxidative (SO): These fibers have the smallest cross-sectional area of the three 
groups. They have a low capacity for glycolytic metabolism. Their twitch response is longest in 
duration and lowest in magnitude (the fusion frequency is the lowest) of the three groups. 
Repeated stimulation causes less fatigue, and recovery is rapid. These fiber tend to lie in the 
central region of a muscle bundle. In the cat gastrocnemius, they generate a peak force of around 
0.6 kg/cm2.  

 

Figure 21.8 The twitch response (tension vs. time) for a single muscle fiber. The stimulus is 
described by the initial impulse. 

 
Each fiber in a bundle is innervated by a single motor neuron, but each motor neuron activates 

several fibers. The group of fibers activated by a single motor neuron is called a motor unit. All fibers in a 
motor unit are of a similar type. Not surprisingly large-diameter muscle fibers are innervated by large- 
diameter neurons. Consequently, motor units producing the largest forces are those innervated by axons 
of large diameter; conversely, small forces are produced by small-diameter axons. The natural order of 
recruitment is the development of small forces from SO fibers followed, ultimately, by the largest forces 
due to recruitment of the FG motor units. The FO fibers contribute in the midrange. Thus the modest 
forces needed to maintain posture for a long period are derived from the SO type fiber, whereas the 
baseball batter's swing describes the momentary recruitment of FG fibers (for a large force of short 
duration whose fatigue and slow recovery is of less consequence). Other more conventional physiological 
tasks have this same character, as seen in baseball.  

The strength-duration curves for the stimulation of a motor nerve and the direct stimulation of 
muscle are shown in Figure 21.9. We note the very great difference in excitability so that, for the most 
part, all functional electric stimulation (FES) systems concentrate on the stimulation of the motor neuron 
which, in turn, activates the associated muscle. One may stimulate the nerve centrally or peripherally (in 
the vicinity of the neuromuscular junction). The latter has the advantage, usually, of greater selectivity.  

Figures 21.5 and 21.7 show that with point-source stimulation the excitability increases with 
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increasing fiber diameter. This relationship is true in general regardless of the type of electrode system or 
placement relative to the target nerve. But this means that the large-diameter neurons, - hence large-
diameter muscle fibers (i.e., FG) - are recruited first. This is inverse to the natural order and results in the 
excitation of a fiber type with rapid fatigue for ordinary tasks. This result is a serious limitation to the 
applicability of FES.  

Several approaches have been taken to deal with the problem noted above. The first is to devise a 
technique that will result in the electric stimulation of the smaller-diameter nerve fiber before the larger-
diameter one. For example, one can first stimulate all fibers with a supramaximal pulse and then at a point 
closer to the muscle place a hyperpolarizing block. One adjusts the strength of the block to be inversely 
proportional to the desired control signal. Since larger-diameter fibers are most easily blocked, a low 
control signal - hence a large block - will block all but the smallest fibers, whereas increasing force 
reguirements will result in reduced block (permitting the FO and finally the FG to escape block). 
Consequently, the behavior follows more closely the natural recruitment order (Zhou, Baratta, and 
Solomonow, 1987), though there are still a number of practical difficulties with the application of this 
method. An alternate application of the technique, which depends on the use of a quasi-trapezoidal 
stimulus current, appears to achieve a natural order of recruitment (Fang and Mortimer, 1987).  

 

Figure 21.9 Experimentally determined strength-duration relationship for motor nerve stimulation 
and for direct stimulation of the muscle. In each case the muscle response was held at the same 
constant value (a relatively low level of force). (From Mortimer, 1981.) 

 
A second approach is to implant several electrodes each in a different part of the muscle and to 

excite them sequentially. In this way, the actual stimulus frequency of each subunit is reduced by a factor 
equal to the number of electrodes. Since spatial summation results, the behavior of the whole muscle is 


