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with Functional Electrical Stimulation / Neuromodulation
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Electrode-tissue interface - Shape and size of stimuli

Decisive and limiting 
compromise on

selectivity and safety 
*

Generally coarse tool to
activate tiny structures

*
Integration of medical, 

physiological and 
engineering expertise

noninvasive

implanted



Electrode-tissue interface

Pulse Width / ms

Amplitude / mA

Amplitude (mA)  x Impulse width (ms)  = Impulse charge (C)
n No DC !

positive and negative impulse phase equal
n Impulse charge / Electrode contact surface 

must not exceed Charge Injection Limit
in µC/cm2 (µAs/cm2)

n Risk: excessive local current density 

Imp. charge ð 6.000 µAs (ð 45.000 µAs)

200 cm2          ð 30 µC/cm2 (ð 225 µC/cm2)

20 - 150 ms

ð 300 mA



Gesslbauer B, et al. 
Axonal components of nerves innervating the human arm. 

Ann Neurol. 2017 Sep;82(3):396-408

afferent – efferent
9 : 1 





pulse width

frequency = 1/period

pulse pause

Nerve Stimulation (Muscle Stimulation)

monophasic pulse shape

biphasic pulse shape

amplitude

amplitude

pulse pause

pulse width

frequency = 1/period

pulse width / phase pulse width / phase

pulse pause pulse pause

frequency = 1/period frequency = 1/period

lower threshold:
“-”   cathode

lower threshold:
“+”   anode (first phase)



growing amplitudegrowing amplitude
or

growing pulse width

typical recruitment curve,
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growing pulse width
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Steffen Eickhoff, Jonathan Jarvis – John Moores University, Liverpool
UNPUBLISHED DATA
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Johannes Proksch - Steffen Eickhoff, Jonathan Jarvis, 
John Moores University, Liverpool
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SELECTIVITY 
10µm

265µm

1000µm

10µm

500µm

700µ
m

100µ
m

20µm

350µ
m

THRESHOLDS / Depolarisation / Hyperpolarisation:
- Inverse proportional fiber size
- Prop. to square of distance



growing 
stimulation 

intensity

type 2 MUs 
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type 1 MUs 
aerobic

motor
threshold

sensory
threshold



Posterior root reflexH-reflexM-wave

H-reflex and posterior root reflex in the soleus muscle

by Matthias Krenn



antidromic efferent
≈ 60 m/s

antidromic afferent
≈ 100 m/s

orthodromic afferent
≈ 100 m/s

orthodromic efferent
≈ 60 m/s

COLLISION BLOCK
orthodromic reflex response ≈ 60 m/s

STIMULUS

antidromic afferent
≈ 100 m/s

orthodromic afferent
≈ 100 m/s

orthodromic efferent
reflex response 

≈ 60 m/s

STIMULUS SC

SC



Electrical stimulation of peripheral nerves or posterior roots can activate 
monosynaptic and polysynaptic  reflex arcs 

If we have an idea on fiber recruitment –
- what about neural processing / control of movement ?



Augmentation of residual neural control by non-invasive spinal cord stimulation
to modify spasticity in spinal cord injured people 

LS11-057



Modification of posterior root reflexes: Attempt to extend both legs (red), control (black)

Posterior root reflex as marker for discompleteness



LS11-057

Augmentation of residual neural control by non-invasive spinal cord stimulation
to modify spasticity in spinal cord injured people 

• Personalization
(individual profile,
altered and residual functions)

• Specific
planning and monitoring
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10V , 10Hz 10V , 16Hz

Effect of altered frequency on passively induced flexion



P21VF Session 2019-11-11



Augmentation of residual neural control by non-invasive spinal cord stimulation
to modify spasticity in spinal cord injured people 

LS11-057

Main results and impact Babinski

NO stimulation
10pps / 20mA

50pps / 40mA



8 Subjects
7 motor 
complete, 
1 ASIA C

Traumatic SCI 
C5 to T6

Lumbar 
spinal 
cordLumbar

posterior
roots

20 – 100 Hz

Quadriceps

Hamstrings

Adductor

Tibialis anterior

Triceps surae

Quadriceps

Hamstrings

Adductor

Tibialis anterior

Triceps surae

without
eSCS

with eSCS – 85pps, submotoric 
threshold

Assessment of spasticity using the
Pendulum test

Pinter et al. (2000) Spinal Cord

Control of spasticity



Premotor
Center

Mn

1979
Anders Lundberg



Facilitation of stepping in incomplete SCI by tSCS

1.6 km/h; no stimulation

Subject:
ASIA D, T8-T9

1.6 km/h 
tSCS: 30 Hz, 18 V

Dimitrijevic MR
Clinical practice of FES: From “Yesterday” to “Today”
Artificial Organs. 2008 Aug;32(8):577-80

Facilitation of functional standing and walking in wheel-chair bound spinal cord injured 
people by spinal cord stimulation: Study of neurocontrol and biomechanical output

WFL-FR-001/06





Peroneal Nerve
subsensory continuous: 1a afferents          - supra-motor-threshold: withdrawal 



EXOPULSE Mollii Suit
Stockholm, Sweden



growing 
stimulation 

intensity

type 2 MUs 
glycolytic

type 1 MUs 
aerobic

motor
threshold

sensory
threshold



Michael D. Mann: 
The Nervous System in Action
http://michaeldmann.net

SELECTIVITY 

MIXED NERVE, predominantly afferent 

Glycolytic & aerobic motor units –
- mixed morphology in nerve and muscle

Control-, metabolic and biomechanical issues



single 20 Hz 30 Hz

muscle response



Frequency dependence of
contraction force development and muscle fatigue

ON-/OFF-relation dependence 
of muscle fatigue



Summary

Stimulation interface
– neuron activation

• Size and distance dependent recruitment of fibers (in groups)
- Lowest threshold – large afferents
- Growing intensity co-recruits smaller fibers gradually

• Synchronous start – dispersion by distance and conduction velocity

• Beyond recruitment - frequency influences
- central interneuron processing as afferent input
- contraction properties  in efferent neuromuscular activation



Consequences of muscle denervation
Healthy thigh 4 years denervated

15m
den

0,9y
den

8,7 years denerv.

MFCVmax vastus lat:
healthy 4,48 m/s
10mo den    2,40 m/s
30mo den    1,20 m/s



Stimulation parameter ranges
Nerve stimulation: 
n Pulse width (biphasic) 

typ. < 0.5ms per phase
n Frequency (fused contr.)

25 Hz
n Amplitude range (Surface) 

ð±100V / ð±300mA
n Amplitude range (Implant) 

ð±10V / ð±30mA

Muscle stimulation: 
n Pulse width (biphasic) 

typ. >15ms (ð250ms) per phase
n Frequency (fused contr.)

25 Hz
n Amplitude range (Surface)

ð±100V / ð±300mA
n Amplitude range (Implant) 

ð±10V / ð±30mA

< 1 ms > 30 ms > 30 ms< 1 ms

period ! frequency f = 1/ ! f = 1/ !

phase < 0,5 ms phase > 15 ms



Single stimulus response Double stimulus response

Single fiber recording
(PhD-Thesis Christian Hofer 2008)



150 ms

Pulse phase > 15 ms
Period 40ms / 25 Hz

Period < 50 ms
> 20 Hz

Single twitch ð unfused tetanus ð fused tetanus

150 ms300 ms

2,2 Hz
6,2 Hz

40 ms

500 ms

15 ms

Excitability

conditioning



periode = 80 ms
12,5 Hz

periode = 200 ms
5 Hz

(10 / 15 mA)

nerve stimulation muscle stimulation
muscle stimulation,

reduced nerve stimulation

DC
direct current component
in classiical exponential current



sub C5/C6, AIS A
5 years post injury
2x / week, 20min:

Single twitch FES, low
frequency, 80ms per 

phase and pause

biphasic rectangular 
30 Hz, 1ms/phase

biphasic ramp
150ms/phase
150ms pause



Cauda

Facialis

Larynx

Temporary 
or  chronic
denervation

Plexus

Recovery support
Reconstructive surgery



ASIA IMPAIRMENT SCALE
A – Complete: No motor or 
sensory function preserved in the 
sacral segments S4-S5.
B – Incomplete: Sensory but 
not motor function preserved below 
neurological level and includes the 
sacral segments S4-S5.
C – Incomplete: Motor function 
preserved below neurological level, 
and more than half of key muscles 
below the neurological level have 
muscle grade below 3. 
D – Incomplete: Motor function 
preserved below neurological level, 
and more than half of key muscles 
below the neurological level have 
muscle grade of 3 or more. 
E – Normal: Motor and sensory 
function normal Paraplegia

A

D

A

A
surface

A

implant

flaccid

20182022





https://fesworkshop.org/14th-workshop-2022



https://www.paraplegie.ch/spz/de/kur
s-atmung-schlucken-mimik-

international-fes-centrer/


