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1 Introduction

Stroke is among the leading causes of gait impairments. The prevalence of stroke
events is expected to increase as the global population aged over 65 increases. In
Europe, the number of stroke events per year is estimated to rise from 1.1 million in
2000 to 1.5 million by 2025 [1]. Worldwide, 15 million people experience a stroke
each year; one third die and one third are left permanently disabled [2]. About 50–
85% of stroke survivors are able to walk independently within six months after
stroke [3, 4]. Although the majority of stroke patients achieve independent walking,
chronic gait abnormalities persist, and many stroke survivors do not reach a
walking level that enables them to perform all their daily activities. A walking
speed of 0.8 m/s or less excludes most individuals from participating in
walking-related activities in the community [5]. More than 50% of ambulatory
stroke patients fall while walking or because of losing their balance due to muscle
weakness or coordination problems [6].

Stroke patients experience a paresis of one side of the body (hemiparesis) and are
not able to time and adjust muscle contractions appropriately. These impairments in
conjunction with poor endurance and balance adversely affect walking. A few
weeks after the stroke event, spasticity and changes in the mechanical properties of
the muscles (e.g. stiffness in antagonistic muscles) often develop. Post-stroke
hemiplegic gait is a mixture of deviations from normal joint kinematics and com-
pensatory motion dictated by residual functions. This gait is often characterized by
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inability to flex the hip, knee and ankle joint of the paretic leg due to muscle
weakness in the corresponding muscles and increased muscle activity in the
antagonistic muscles. The resulting increased leg length causes toe dragging or
circumduction of the leg (i.e. stiff-legged gait).

The limited ability to lift the inner (medial) or outer (lateral) edge of the foot, or
both, by voluntary muscle activation is known as drop foot syndrome and it is
present in about 20% of ambulatory chronic stroke patients [4]. In addition, there is
often decreased hip and knee flexion at initial contact and mid-swing, while ankle
plantar flexion is reduced at toe-off and increased at initial contact and during the
swing phase. The pelvis of the hemiplegic side is mostly elevated (hip hike), and
translation of the trunk occurs over the unaffected side to support foot clearance of
the affected leg during the swing phase. Abnormal movement patterns can also be
observed on the unaffected side, due to compensation movements in addition to
muscle weakness.

Spinal cord injury (SCI) is another cause of gait impairment. The prevalence of
traumatic SCI is highest in the United States of America (906 per million) [7]. The
majority of studies reported by Singh et al. showed a high male-to-female ratio and
an age at peak incidence younger than 30 years old. Traffic accidents were typically
the most common cause of SCI, followed by falls in the elderly population.
Depending on the completeness and level of the lesion, paresis and paralysis of the
leg musculature will occur. A complete lesion above the thoracic level will cause a
motor and sensory paralysis of both legs (paraplegia), resulting in immobilization of
the patient and possible lifelong wheelchair dependence. A complete loss of
bladder, bowel and sexual function is also common. These primary effects of SCI
lead to a range of secondary medical complications, e.g. atrophy of the paralyzed
muscles and decreased cardiovascular fitness.

In stroke patients or individuals with SCI, the signal pathway from the central
nervous system (CNS) to the muscles is interrupted. However, the muscles them-
selves retain their ability to contract and produce force. Functional electrical
stimulation (FES) applied to the still intact lower motor neurons can replace the
missing signals from the CNS and can be used to generate muscle contractions. In
combination with appropriate sensor technology and feedback control, this method
can be exploited to elicit or support walking movements.

FES has a direct orthotic or prosthetic effect on walking and can also be used as
an assistive technology in daily life. During rehabilitation in a clinical environment,
FES is mostly applied to achieve a therapeutic (carry-over) effect. This includes an
increase of muscle strength as well as improvements in endurance and cardiovas-
cular fitness. The increased afferent feedback provided by FES is known to mod-
ulate motor cortex function and excitability. FES can also be used to give
indications about the right timing of muscle activities to sensory-unimpaired
patients during walking. Recent findings (Gandolla et al. [8], for example) advocate
the use of FES co-incidentally with the voluntary drive to enhance the plasticity of
the central nervous system, and thus further improve its therapeutic effects. A recent
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review of the therapeutic effects of FES on gait in stroke patients [9] provides a
detailed discussion of FES-induced brain plasticity and motor learning.

This chapter is organized as follows. In Sect. 1.2, a general overview of tech-
nological aspects of FES-assisted gait training is given. Then, the state of the art in
drop foot correction for chronic stroke patients is presented in Sect. 1.3. The use of
multi-channel FES for gait therapy in clinical environments is investigated in
Sect. 1.4. Finally, in Sect. 1.5 we describe the application of FES for the restoration
of gait in SCI individuals.

2 Technological Aspects of FES-Assisted Gait

2.1 Real-Time Gait Phase Detection

The core element of any FES system for walking is a robust and reliable real-time
gait phase detection (GPD). The early systems, which are still the most widely
available on the market, use force-resistive switches below the heel to distinguish
the stand and swing phases of gait. Recent work extended this approach by inte-
grating knitted resistive strain sensors into socks to derive gait phases indirectly
from the measured ankle joint angle [10]. Force/strain sensors generally require
patient-specific calibration and have a limited lifespan due to the repeated loading.
Therefore, many researchers investigated the use of accelerometers and gyroscopes
for GPD (see, for example, Chia Bejarano et al. [11], Rueterbories et al. [12], Seel
et al. [13, 14]). Such sensors can be attached to the shoe/foot and/or to the shank
and facilitate more detailed GPD. Figure 1 shows a state automaton that describes
the gait phases and gait events that can be detected by a full miniature inertial
sensor (contains accelerometer and gyroscope, both 3D) placed on the instep of the
foot [13, 14]. Current integration of electronics will soon yield wireless inertial
sensors with the size of a coin, which can be placed inside the shoe or worn
unnoticed under clothes. With implants, gait phases might also be derived from
natural sources like nerve activity [15]. Taborri et al. provided a systematic over-
view of gait partitioning methods [16].

Fig. 1 By means of a foot/shoe-mounted inertial sensor, the transitions between four distinct gait
phases can be detected in real time

Gait Training by FES 309



2.2 Real-Time Assessment of Segment Orientations
and Joint Angles

Wearable sensor technologies also enable real-time measurements of body segment
orientation, e.g. the roll and pitch angle of the foot with respect to the ground, as
well as walking velocity, stride lengths and joint angles. Such information can be
used to adjust stimulation parameters during walking in order to improve the
stimulation outcome, i.e. the motion of the patient. Knitted resistive strain sensors
[10] and bio-impedance measurements [17] represent potential technologies for
real-time assessment of joint angles. Both technologies can be integrated into
textiles. Due to rapidly decreasing form factors, inertial sensors represent a par-
ticularly promising technology for ambulatory real-time motion analysis.

For example, by attaching an inertial sensor to each foot, shank and thigh, as
well as an additional sensor to the hip, one can derive hip, knee and ankle joint
angles with measurement accuracies that are comparable to those of optical motion
capture systems. However, a few limitations remain. Precise placement of the
inertial sensors or a sequence of predefined precise calibration movements is
required, both of which can be challenging for motor-impaired patients. Another
limiting factor is that many approaches require the use of magnetometers, which are
known to be unreliable inside buildings and near ferromagnetic materials. Just
recently, new methods have been proposed that overcome both of these limitations
and enable automatic sensor-to-segment calibration of inertial sensor networks from
arbitrary motions, including walking itself [18]. In view of these developments,
future motion analysis systems are expected to be plug-and-play, in the sense that
the sensors are attached in arbitrary orientation and calibrate automatically as the
patient starts to walk [19].

2.3 Real-Time Assessment of Muscle Activity

Electromyography (EMG) can be used for multiple purposes in FES gait training.
Figure 2 shows an example of a raw surface electromyography (sEMG) recording
during active FES. When analyzing EMG signals, one has to distinguish between
FES-evoked EMG and patient-induced EMG activity, where the latter includes both
intentional (volitional) and unintentional muscle activity [20]. By means of online
signal processing, both quantities can be determined from the raw EMG also in
between the stimulation pulses, i.e. during active stimulation. The FES-evoked
EMG is manifested in the so-called M-wave which is a good measure of the amount
of motor units recruited by the last stimulation impulses. Recent studies in the upper
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extremities show that feedback control of the M-wave magnitude compensates for
the effects of muscular fatigue and maintains a desired stimulation effect (e.g. force
production) [21, 22].

The EMG activity that is due to patient-induced muscle activity is much smaller
than the M-wave. This rather noise-like signal with frequency components in the
range of 30–300 Hz [23] can be separated from the M-wave about 20–30 ms after
each stimulation pulse by high-pass filtering or by subtraction of an estimated/
predicted M-wave (see, for example, Ambrosini et al. [24]). The patient’s EMG can
be used to trigger the stimulation onset, to modulate the intensity profile of stim-
ulation or simply to monitor the effect of stimulation on the muscle activity and
motor coordination of the patient. It has been demonstrated [25] that
patient-induced muscle activity can be detected when using integrated stimulation
and measurement electrodes. However, the simultaneous assessment of FES-
induced and patient-induced muscle activity still requires the use of separate
electrodes for stimulation and EMG monitoring.

2.4 Electrode and Stimulator Technology

Typically, charge-balanced bi-phasic stimulation impulses are delivered either via
surface (skin) electrodes or via implanted electrodes to elicit action potentials in
motor nerves of the target muscles. Surface electrodes are self-adhesive with a
conductive hydro-gel and can be reused several times. Often, cuffs or body straps
are used to improve the electrode-skin contact, whereas integration in trousers is
less common. To overcome the poor selectivity of large surface electrodes and the

Time [s] 

Fig. 2 EMG recording during active stimulation with a stimulation frequency of 25 Hz.
a Stimulation period with almost no volitional muscle activity, b stimulation period with clearly
visible volitional muscle activity
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difficulties of electrode placement, the use of electrode arrays (multipad electrodes,
see Fig. 3) has been proposed (see, for example, Heller et al. [26], Malesevic et al.
[27, 28], Valtin et al. [29]). Such arrays contain many small electrodes and enable
the formation of virtual electrodes consisting of a subset of these electrodes. Most
arrays still use a common hydrogel layer below all electrodes [30]. This means that
stimulation between two virtual electrodes inside one and the same array is not
feasible. Instead, two arrays or one array and a conventional counter electrode are
required to apply FES.

Stimulation with surface electrodes also excites pain receptors in the skin, which
implies that stimulation intensities and producible forces are limited in patients with
intact sensation. Percutaneous electrodes (inserted through the skin) or fully
implanted electrodes cause less sensation and allow more selective muscle acti-
vation, also of more deeply located muscles. Implanted systems typically use nerve
cuffs with a small array of multiple electrodes. To mitigate the problem of fast
muscle fatigue in electrically stimulated muscles, alternating activation of these
electrodes is performed to simulate the natural asynchronous muscle activation. The
same effect is achieved with surface electrode arrays by alternating between virtual
electrodes with similar stimulation outcome [31].

2.5 Open-Loop and Closed-Loop Control

Most FES systems control the timing of stimulation by detecting gait events,
sensing volitional EMG activity or by hand-operated switches. Stimulation profiles
are usually pre-programmed (feedforward control/open-loop control) and can only
be changed manually. If the muscles fatigue or the muscle tone changes (spasticity),
the FES parameters must be adjusted to obtain the same motion as before. Since
repeated manual adjustments are undesirable, current research focuses on automatic
adjustment of FES parameters to the current situation-dependent needs of the
patient. Such closed-loop systems monitor the obtained motion and choose the

Fig. 3 Electrode arrays are used to overcome the requirement of precise placement and limited
selectivity. Shown is a flexible electrode array for the stimulation of the peroneal nerve, as used
e.g. in [29]. Each element of the array has a size of 8 mm � 8 mm
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stimulation intensities in such a way that the desired functional motion is obtained.
At the same time, the onset of muscle fatigue can be delayed by avoiding
over-stimulation.

Recently, wireless inertial sensors have increasingly been used to realize such
closed-loop FES systems. The control algorithm that evaluates the measurements
and decides how to adjust the FES parameters is typically implemented on a
microcontroller. In conventional feedback control, the current stimulation intensity
is adjusted on the basis of the current measurements. Since FES dynamics are slow
and gait involves rather quick muscle contractions and motions, this conventional
control approach was found to be of limited use. Learning control methods, like
run-to-run control (see, for example, Veltink et al. [32]) or iterative learning control
(see, for example, Seel et al. [14, 33]), are capable of exploiting the repetitive nature
of gait by learning from the measurements obtained in previous strides. While
run-to-run control typically aims at improving the amplitude of a stimulation
window, iterative learning control can be used to optimize the entire time course of
the FES intensities during each stride.

3 Drop Foot Stimulation

Liberson et al. [34] proposed the first clinical application of FES: stimulation of the
peroneal nerve for correction of foot drop during the swing phase of gait. The
peroneal nerve divides into a superficial and a deep branch, which innervate the m.
fibularis longus and m. tibialis anterior, respectively. In a standard drop foot
stimulator, both muscles are activated by positioning a pair of surface electrodes on
the skin close to the head of fibula and on the insertion of the m. tibialis anterior.
Both electrodes must be carefully placed to obtain a sufficient foot lift (dorsiflexion)
without exaggerated eversion or inversion. The effect of stimulation is very sen-
sitive to small (*1 cm) changes in the electrode positions and varies “from day to
day due to a number of factors: changes in skin resistance due to sweating or
dryness of the skin, condition of electrodes and fatigue and changes in resistance to
dorsi-flexion caused by spasticity of the calf muscles” [35]. The review articles by
Lyons et al. [36], Melo et al. [37] provide an excellent overview of drop foot
stimulators in research and industry and classify them in several ways. Until now,
all commercially available devices have been based solely on open-loop architec-
tures, i.e. they only use sensors to time the stimulation [37]—typically a simple heel
switch.

Several studies have shown the orthotic and therapeutic (carry-over) effects for
both transcutaneous and implanted drop foot stimulation systems in terms of
improved foot lift and walking speed, reduced Physiological Cost Index (PCI) and
improved balance during walking (see, for example, Burridge et al. [35], Hausdorff
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and Ring [38], Kottink et al. [39, 40], Martin et al. [41], Ring et al. [42],
Schiemanck et al. [43], Sheffler et al. [44]; Stein et al. [45], van Swigchem et al.
[46], Taylor et al. [47, 48], Wilder et al. [49]). Many patients prefer drop foot
stimulators to conventional ankle-foot orthoses [50, 51].

One of the best clinically evaluated systems is the Odstock dropped foot stim-
ulator (ODFS) (Odstock Medical Ltd.). During the last two decades, several new
systems have entered the marked, e.g. L300/L300plus/L300 Go (Bioness Inc.),
WalkAide (Innovative Neurotronics Inc.), MyGait (Ottobock Healthcare GmbH) and
ODFS Leg Cuff (Odstock Medical Ltd.). An important feature of these new systems is
the integration of the stimulation device and electrodes in a leg cuff that is worn at the
shank below the knee. Furthermore, the systems L300/L300plus, MyGait and ODFS
Leg Cuff use a wireless heel switch. WalkAide does not rely on a heel switch at all—
instead it uses an inclination sensor in the cuff to determine the gait phase [52]. An
additional second stimulation channel for supporting plantar flexion, knee flexion,
knee extension or hip extension is available in some of the systems.

In some patients, a desired foot motion cannot be achieved by transcutaneous
stimulation, and some do not tolerate the stimulation intensities that are required for
sufficient foot lift. Implantable dropped foot stimulators represent potential alter-
natives for these patients. Two systems have been developed: the two-channel
implant Stimustep (Finetech Medical, UK) stimulates the n. peroneus profundus
and the n. peroneus superficialis (both branches of the n. peroneus communis) to
obtain better control over dorsiflexion and foot eversion/inversion [53]. The
ActiGait system (Ottobock Healthcare GmbH) selectively activates the n. peroneus
communis by means of a cuff electrode with four stimulation channels to achieve
the same goal [54].

Besides these commercial systems, there are a number of promising novel
systems being developed in research projects. Some recent contributions suggest
the use of electrode arrays in combination with a search algorithm that finds the best
position of a virtual electrode (see, for example, Heller et al. [26], Malesevic et al.
[27], Prenton et al. [28], Valtin et al. [29]). At the current state of the art, however,
this identification takes several minutes, and the virtual electrode is not adjusted
when muscle tone or FES dynamics (and thus the induced foot motion) change
during walking.

Also for transcutaneous stimulation, Seel et al. [33] proposed and investigated a
three-electrode setup to manipulate the recruitment of the m. tibialis anterior and m.
fibularis longus via two independent FES channels. Gait phase transitions as well as
foot pitch and roll angles were assessed in real time by means of a shoe-mounted
wireless inertial sensor. A decentralized iterative learning control scheme was used
to adjust the stimulation intensity profiles to the current needs of the individual
patient. Starting from conventional stimulation parameters, the controller auto-
matically determined individual stimulation parameters and thereby achieved
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physiological foot pitch and roll angle trajectories within at most two strides in
walking drop foot patients.

The application of EMG-derived stimulation intensity profiles has been inves-
tigated by Byrne et al. [55], Chen et al. [56], O’Keeffe and Lyons [57].
A stimulation proportional to the residual volitional activity of the m. tibialis
anterior has been advocated by different authors [58–60]. Kesar et al. [61] sug-
gested the use of variable-frequency pulse trains to enhance correction of foot drop
compared with traditional FES systems that deliver constant-frequency pulse trains.

4 FES-Assisted Gait Therapy in Stroke Patients

Intensive FES training programs are often applied in clinics to restore and enhance
gait patterns after stroke, both in sub-acute and chronic patients [9]. The
meta-analysis by Teasell et al. [62] suggests FES as an adjunctive therapy in gait
training. Another meta-analysis by Robbins et al. [63] showed a significant positive
effect of FES on walking speed. A randomized controlled study even demonstrated
recovery of coordinated gait in chronic stroke patients [64].

In clinical studies, the number of stimulation channels has been very diverse. In
the study by Salisbury et al. [65], for example, a single-channel drop foot stimulator
was employed for gait therapy of sub-acute stroke patients. By contrast, one of the
first randomized studies with multi-channel FES considered heel-switch-triggered
stimulation of the peroneal nerve as well as of the muscles triceps surae, hamstring,
quadriceps femoris, gluteus maximus and triceps brachii [66]. Most clinical systems
use transcutaneous stimulation, but the use of intramuscular (percutaneous) elec-
trodes is also feasible, as demonstrated by Daly et al. [64].

The stimulation can be applied during level-ground walking, during treadmill
walking (in possible combination with partial body weight support) (see, for
example, Cho et al. [67], Daly et al. [64], Hesse et al. [68], Kesar et al. [69],
Lindquist et al. [70], or in combination with a gravity-balanced orthosis [71],
electromechanical gait trainers (e.g. [72]), or robotic locomotion devices (e.g.
Dohring and Daly [73], McCabe et al. [74]). In the latter two cases, the timing of
stimulation is usually derived from the mechanical support system and not by
means of inertial sensors or heel switches. In order to better prepare non-ambulatory
patients for gait training, FES cycling ergometers [75] or bed-side stimulation
settings (for acute stroke patients) [76] can also be used.

Due to the necessary cabling effort, currently available clinical stimulation
systems are cumbersome to apply—especially if many stimulation channels are
used. In future, distributed wireless stimulation and sensor systems will enhance the
usability of multichannel FES systems. The first prototypes have already been
presented [77, 78].
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5 FES-Assisted Ambulation After Spinal Cord Injury

The realization of standing and stepping in paraplegic individuals requires several
stimulation channels. Bilateral stimulation of the m. quadriceps (for knee exten-
sion), peroneal nerve and, optionally, the m. gluteus maximus using surface elec-
trodes represents a common approach [79]. To stand up and during standing, both
quadriceps muscles are activated. To initiate a step, activation of the quadriceps
stimulation is paused on one side, and the peroneal nerve is excited to elicit the
withdrawal reflex (causing a flexion of the leg). The user will transfer his flexed leg
forward by means of the upper body while holding on to a roller walker for balance.
The initiation of steps is typically controlled by hand switches that are mounted on
the handles of the walker. A commercially available system that uses this principle
is the ParaStep system (Sigmedics, Inc.) [80, 81]. It is recommended for paraplegics
with a lesion level between T4 and T12. The resulting stepping movement is not
very physiological and not comparable to normal walking. Before using the system,
a long-lasting and intensive program is required to build up fatigue-resistant
muscles by electrical stimulation. A review of technical aspects of FES control of
standing and stepping after SCI is provided by Braz et al. [82].

Implanted FES systems with up to 16 channels provide mobility in paraplegics
[19, 83, 84, 85] and in individuals with incomplete spinal cord injury (iSCI) [86].
The use of implants reduces donning time and improves day-to-day repeatability
compared to transcutaneous FES systems. Individuals with iSCI retain some control
of the partially paralyzed muscles, which requires careful integration of FES. Dutta
et al. [87] successfully exploited volitionally induced surface EMG activity to
trigger stimulation via an implanted stimulation system in an iSCI individual.

The combination of FES with reciprocating gait orthoses (RGO) or powered
exoskeletons offers hybrid solutions for the ambulation of SCI individuals. The
mechanical structures stabilize the leg joints and trunk and provide good postural
stability, while ambulation is supported by the artificially activated paralyzed
muscles. Powered exoskeletons ensure precise movement execution by the motors
even in the presence of time-varying muscle dynamics, providing consistent and
repeatable gait. Hence, hybrid systems can combine the advantages of FES and
orthoses/exoskeletons and thereby offer more advantages than the individual
components alone. Examples of hybrid FES orthoses are described in papers by
Durfee and Rivard [88], Kobetic et al. [89]. A good overview of hybrid
FES-powered exoskeletons is given by del Ama et al. [90]. First results for the use
of a hybrid FES-powered exoskeleton on three paraplegic subjects with
motor-complete SCI are presented by Ha et al. [91]. For case studies with iSCI
individuals using the hybrid Kinesis system (see Fig. 4) see del-Ama et al. [92],
Del-Ama et al. [93].
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Fig. 4 Patient with incomplete spinal cord injury walking with the hybrid FES-powered
exoskeleton Kinesis [92]
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6 Conclusions

Functional electrical stimulation is a highly useful technology for the restoration
and support of gait in stroke patients and spinal cord-injured individuals. Several
studies have shown the orthotic and therapeutic (carry-over) effects for both tran-
scutaneous and implanted drop foot stimulation systems.

Besides assistive systems for gait support of chronic drop foot patients, multi-
channel FES systems are available for therapeutic use in clinical environments.

The latter might be used in combination with robotic devices or partial body
weight support during walking on a treadmill. The restoration of gait in spinal
cord-injured people, however, remains an ongoing research topic. New implantable
stimulation systems and hybrid approaches that combine powered exoskeletons and
FES are under investigation.

Remaining drawbacks and limitations of dropped foot stimulators, multi-channel
FES systems and hybrid gait support systems might be overcome by present and
future technological progress in the fields of inertial sensor motion analysis, elec-
tromyographic sensing and advanced feedback control. Future systems may be
expected to adjust automatically to the individual user and to provide a more
patient- and situation-specific gait support.
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