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Abstract: Regarding classical rehabilitation techniques, there is insufficient evidence to state that a particular approach 

is more effective in promoting gait recovery than robotic devices. More constraining devices, such as Lokomat, could be 
helpful at the beginning of rehabilitation and with more severely affected patients, whereas end-effector devices and then 
treadmill gait training with body weight support, could be more effective in more advanced stages of rehabilitation and/or 

in less affected patients. Robotic devices need further research to show their suitability for walking training and their 
effects on over-ground gait. 
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INTRODUCTION 

Stroke incidence is approximately two million per 

year in China and is rising at an annual rate of nearly 

8.7%, the mortality was even higher than that of 

developed countries in Europe and America. Stroke 

brings up to about 40 billion Yuan to the social and 

economic burden of China every year [1]. Stroke has 

become the first pathogenic cause of death in China 

and survivors can suffer several neurological deficits or 

impairments, such as hemiparesis, communication 

disorders, cognitive deficits or disorders in visuo-spatial 

perception. Patients who suffer blocked-vessel 

(ischemic) stroke generally have much higher chances 

of survival than patients who suffer bleeding 

(hemorrhagic) stroke. Hemiparesis and motor recovery 

have been the most studied of all stroke impairments. 

As many as 88% of patients with acute stroke have 

hemiparesis (Table 1) [2]. Moreover, after completing 

standard rehabilitation, approximately 50%-60% of 

stroke patients still experience some degree of motor 

impairment, and approximately 50% are at least partly 

dependent in activities-of-daily-living [3]. Hemiplegia is 

one of the most common impairments after stroke and 

contributes significantly to reduce gait performance. 

Although the majority of stroke patients achieve an 

independent gait, many do not reach a walking level 

that enable them to perform all their daily activities [4]. 

After stroke, gait recovery is a major objective in the 

rehabilitation program, therefore a wide range of 

strategies and assistive devices have been developed 

for this purpose. The review emphasized on robotic 

devices used for gait rehabilitation.  
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Table 1: 30-Day Death Rates for Different Types of 
Stroke [1] 

 Blocked-vessel 

Stroke 

Bleeding 

Stroke 

Women 7% 30% 

Men 8% 35% 

45 to 64 years old 8% to 12% 37% 

65 years or older 8% 45% 

 

ADVANTAGES OF ROBOTIC DEVICES 

Conventional gait training does not restore a normal 

gait pattern in the majority of stroke patients [5]. 

Robotic devices are increasingly accepted among 

many researchers and clinicians and are being used in 

rehabilitation of physical impairments in both the upper 

and lower limbs [6, 7]. These devices provide safe, 

intensive and task-oriented rehabilitation to people with 

mild to severe motor impairments after neurologic 

injury [8]. Because of robotic rehabilitation is intensive, 

repetitive and task-oriented, it is generally in 

accordance with the motor re-learning program [9, 10], 

more than with the other rehabilitative approaches, 

such as neurophysiological techniques and motor 

learning techniques. The efficacy of the human-robot 

interactions that promote learning depends on the 

actions either imposed or self-selected by the user. The 

applied strategies with available robotic trainers aim at 

promoting effort and self initiated movements. The 

control approaches are intended to i) allow a margin of 

error around a target path without providing assistance, 

ii) trigger the assistance in relation to the amount of 

exerted force or velocity, iii) enable a compliance at 

level of the joint and iv) detrend the robotic assistance 

by means of what has been proposed as a forgetting 
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factor. In the former approach, the assumption is that 

the human resists applied forces by internally modelling 

the force and counteracting to it. 

ASSIST-AS-NEEDED APPROACH 

Regarding current assistance strategies employed 

in robotic systems, the assist-as-needed control 

concept has emerged to encourage the active motion 

of the patient. In this concept, the goal of the robotic 

device is to either assist or correct the movements of 

the user. This approach is intended to manage 

simultaneous activation of efferent motor pathways and 

afferent sensory pathways during training. Current 

assist-as-needed strategies face one crucial challenge: 

the adequate definition of the desired limb trajectories 

regarding space and time the robot must generate to 

assist the user during the exercise. Supervised learning 

approaches that pre-determine reference trajectories 

have been proposed to this purpose. Assist-as-needed 

approach has been applied as control strategy for 

walking rehabilitation in order to adapt the robotic 

device to varying gait patterns and levels of support by 

means of implementing control of mechanical 

impedance. Zero-impedance control mode has been 

proposed to allow free movement of the segments. 

Such approach, referred to as “path control” has been 

proposed with the Lokomat orthosis, (Hocoma, AG; 

Switzerland) (Figure 1) [11] resulting in more active 

electromyography recruitments when tested with spinal 

cord injury subjects. Kim et al. emphasized that the 

short-term plasticity of locomotor circuits and provide a 

possible basis for persons learning to achieve more 

functional gait patterns following a stroke or other 

neurological disorders [12]. 

 

Figure 1: Lokomat robotic gait orthosis (Hocoma, AG, 
Volketswil, Switzerland).  

ROBOTIC DEVICES FOR GAIT REHABILITATION 

Regarding rehabilitation strategies, the most 

common robotic devices for gait restoration are based 

on task-specific repetitive movements which have been 

shown to improve muscular strength, movement 

coordination and locomotor retraining in neurological 

impaired patients [13, 14]. Robotic systems for gait 

recovery have been designed as simple 

electromechanical aids for walking, such as the 

treadmill with body weight support [15], as end-

effectors, such as the Gait Trainer (Reha-

Technologies, Germany, GT) [16], or as 

electromechanical exoskeletons, such as the Lokomat 

[17]. On treadmills, only the percentage of body weight 

support and walking speed can be selected, whereas 

on the Lokomat, the rehabilitation team can even 

decide the type of guidance and the proper joint 

kinematics of the patients’ lower limbs. On the other 

hand, end effector devices lie between these two 

extremes, including a system for body weight support 

and a controller of end-point (feet) trajectories.  

A fundamental aspect of these devices is hence the 

presence of an electromechanical system for the body 

weight support that permits a greater number of steps 

within a training session than conventional therapy, in 

which body weight is manually supported by the 

therapists and/or a walker [18, 19]. This technique 

consists on using a suspension system with a harness 

to provide a symmetrical removal of a percentage of 

the patient’s body weight as he/she walks on a 

treadmill or while the device moves or support the 

patient to move his/her lower limbs. This alternative 

facilitates walking in patients with neurological injuries 

who are normally unable to cope with bearing full 

weight and is usually used in stroke rehabilitation 

allowing the beginning of gait training in early stages of 

the recovery process [20]. 

Several studies support that retraining gait with 

robotic devices leads to a more successful recovery of 

ambulation with respect to over ground walking speed 

and endurance, functional balance, lower-limb motor 

recovery and other important gait characteristics, such 

as symmetry, stride length and double stance time [14, 

21, 22]. In these studies, body weight support treadmill 

therapy has sometimes been associated, from a clinical 

point of view, to the robotic therapies, even if treadmill 

should not be considered as a robot for their 

substantial engineering differences. In fact, in a recent 

Cochrane, electromechanical devices were defined as 

any device with an electromechanical solution 
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designed to assist stepping cycles by supporting body 

weight and automating the walking therapy process in 

patients after stroke, including any mechanical or 

computerized device designed to improve walking 

function and excluding only non-weight-bearing devices 

[23]. Mayr et al. [24] found more improvement during 

the Lokomat training phase than during the 

conventional physical therapy phase after a 

rehabilitation program that applied these two different 

techniques for gait training. Luft et al. [25] compared 

the effects of 6-month treadmill training versus 

comparable duration stretching on walking, aerobic 

fitness and in a subset on brain activation measured by 

functional MRI. The results suggested that treadmill 

training promotes gait recovery and fitness, and 

provides evidence of neuroplasticity mechanisms. 

Visintin et al. [26] reported that treadmill gait training 

with body weight support was more effective than 

without body weight support in subacute, 

nonambulatory stroke patients, as well as showing 

advantages over conventional gait training with respect 

to cardiovascular fitness and walking ability. On the 

other hand, Peshkin et al. [13] attempted to identify 

users and therapists’ needs through observations and 

interviews in rehabilitation settings to develop a new 

robotic device for gait retraining in over-ground 

contexts. They intended to establish key tasks and 

assess the kinematics required to support those tasks 

with the robotic device making the system able to 

engage intense, locomotor-specific, body weight 

support training over ground while performing 

functional tasks. 

As most complex robots need to be permanently 

installed in a room, patients have to be moved from 

their beds to attend the rehabilitation. This is the main 

reason why therapy cannot be provided as soon as 

possible after stroke. In order to overcome this 

limitation, a robotic platform was developed by Monaco 

et al. [27, 28] that consists of providing leg 

manipulation, with joint trajectories comparable with 

those related to natural walking for bedridden patients. 

Robotic feedback training is an emerging but promising 

trend to constitute an active rehabilitation approach and 

novel methods to evaluate motor function. Forrester et 

al. [29] tested the robotic feedback approach in joint 

mobilization training, providing assistance as needed 

and allowing stroke patients to reach targets 

unassisted if they are able. Song et al. [30] investigated 

the effect of providing continuous assistance in 

extension torque with a controlled robotic system to 

assist upper limb training in patients with stroke. The 

results suggested improved upper limb functions after a 

twenty-session rehabilitation program. Ueda et al. [31] 

tested a computational algorithm that computes control 

commands (muscle force prediction) to apply target 

muscle forces with an exoskeleton robot. The authors 

foresee its application to induce specific muscle 

activation patterns in patients for therapeutic 

intervention. Huang et al. [32] assessed with an 

exoskeleton the amount of volitional control of joint 

torque and its relation to a specific function post injury, 

e.g. when rehabilitation involves the practice of joint 

mobilization exercises. 

Robotic-assisted walking training after stroke aims 

to enable highly impaired patients to walk 

independently. However, estimating rehabilitation 

effects on motor recovery is complex, due to the 

interaction of spontaneous recovery, whose 

mechanisms are still under investigation, and therapy. 

Some studies have provided conflicting results 

regarding the effectiveness of robotic devices for 

ambulatory and/or chronic patients with stroke [33, 34]. 

A recently updated Cochrane review [23] has 

demonstrated that the use of electromechanical 

devices for gait rehabilitation increases the likelihood of 

walking independently in patients with subacute stroke 

(odd ratio = 2.56) but not in patients with chronic stroke 

(odd ratio = 0.63). Furthermore, some other problems 

are still limiting a wider diffusion of robotic devices for 

gait restoring, such as their high costs and the 

skepticism of some members of rehabilitation teams 

[35] probably based on the lacks of clear guidelines 

about robotic training protocols tailored on patients’ 

motor capacity [36]. Morone et al. [37] have 48 

participants with motor and gait dysfunction following 

subacute stroke and they were stratified by the 

motricity index into high and low motor impairment 

groups. The authors found that the lower motricity 

group assigned to an electromechanical device 

significantly improved in the functional ambulation 

category (P<0.001) and conventional and robotic 

therapies were equivalent in the higher motricity group. 

They authors also concluded that robotic therapy 

combined with conventional therapy is more effective 

than conventional therapy alone in severely affected 

patients.  

At the light of all the above studies, the efficacy of 

each robotic device in neurorehabilitation seems to be 

related to a correct identification of the target 

population, in accordance with a generalization of the 

assist-as-needed strategy. Furthermore, it seems clear 

that a deeper knowledge about the proper selection of 
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robotic devices, their training parameters and their 

effects on over ground walking performance for each 

patient can surely increase awareness of the 

potentialities of robotic devices for walking training in 

rehabilitation [36]. 

OTHER APPROACHES FOR GAIT REHABILITA-
TION 

Other approaches used in gait rehabilitation after 

stroke includes neurophysiological and motor learning 

techniques, functional electrical stimulation, and brain-

computer interfaces. Despite being successful, the 

main principles of current rehabilitative approaches 

remain unclear [38]. Regarding neurophysiological and 

motor learning techniques, there is insufficient 

evidence to state that one approach is more effective in 

promoting gait recovery after stroke than any other 

approach. Furthermore, none of the methods is 

specifically focused on gait rehabilitation [39, 40]. The 

use of functional electrical stimulation combined with 

different walking retraining strategies has been shown 

to result in improvements in hemiplegic gait [41-47]. 

Reports on electroencephalography-based brain-

computer interfaces for stroke recovery are limited to 

the rehabilitation of upper limbs, specifically of hand 

movements. Moreover, only a few of them have shown 

a real effect of brain-computer interface usage on 

motor recovery [48-51]. There is enough evidence to 

support the assumption that brain-computer interfaces 

could improve motor recovery after stroke, but there 

are no long term and group studies that show a clear 

clinical relevance. Lower limbs and gait function have 

not been studied in combination with brain-computer 

interfaces yet. However some works suggest that there 

is a common mechanism influencing upper and lower 

limb recovery simultaneously, independently of the limb 

chosen for the rehabilitation therapy [52, 53]. Despite 

the inherent latency of the hemodynamic response 

functional near infrared spectroscopy enables 

researchers to detect signals from specific regions of 

the cortex during the performance of motor activities for 

the development of future brain-computer interfaces 

[54-57]. Future research would make possible the 

analysis of the impact of rehabilitation on brain 

plasticity in order to adapt treatment resources to meet 

the needs of each patient and optimize the recovery 

process. 

CONCLUSIONS 

More constraining devices, such as Lokomat, could 

be helpful at the beginning of rehabilitation and with 

more severely affected patients, whereas end-effector 

devices and then treadmill gait training with body 

weight support, could be more effective in more 

advanced stages of rehabilitation and/or in less 

affected patients. Robotic devices need further 

research to show their suitability for walking training 

and their effects on over-ground gait. 

REFERENCES 

[1] Organization, World Health (2008). The global burden of 
disease: 2004 update. ([Online-Ausg.] ed.). Geneva, 

Switzerland: World Health Organization. ISBN 
9789241563710. 

[2] Sposato LA, Saposnik G. Gross domestic product and health 
expenditure associated with incidence, 30-day fatality, and 

age at stroke onset: a systematic review. Stroke 2012; 43: 
170-7.  
http://dx.doi.org/10.1161/STROKEAHA.111.632158 

[3] Schaechter JD. Motor rehabilitation and brain plasticity after 
hemiparetic stroke. Progr Neurobiol 2004; 73: 61-72. 
http://dx.doi.org/10.1016/j.pneurobio.2004.04.001 

[4] Flansbjer UB, Holmbäck AM, Downham D, Patten C, Lexell 
J. Reliability of gait performance tests in men and women 
with hemiparesis after stroke. J Rehabilitation Med 2005; 37: 

75-82. 
http://dx.doi.org/10.1080/16501970410017215 

[5] Dohring ME, Daly JJ. Automatic Synchronization of 
Functional Electrical Stimulation and Robotic Assisted 
Treadmill Training. IEEE Trans Neural Syst Rehabilitation 

Eng 2008; 16: 310-13. 
http://dx.doi.org/10.1109/TNSRE.2008.920081 

[6] Page SJ, Hill V, White S. Portable upper extremity robotics is 
as efficacious as upper extremity rehabilitative therapy: a 

randomized controlled pilot trial. Clin Rehabil 2012; [Epub 
ahead of print]. 
http://dx.doi.org/10.1177/0269215512464795 

[7] Mirelman A, Bonato P, Deutsch JE. Effects of training with a 
robot-virtual reality system compared with a robot alone on 

the gait of individuals after stroke. Stroke 2009; 40: 169-74. 
http://dx.doi.org/10.1161/STROKEAHA.108.516328 

[8] Fasoli SE, Krebs HI, Stein J, Frontera WR, Hughes R, Hogan 
N. Robotic therapy for chronic motor impairments after 
stroke: follow-up results1. Archiv Phys Med Rehabilitation 

2004; 85: 1106-11. 
http://dx.doi.org/10.1016/j.apmr.2003.11.028 

[9] Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. 
Lancet 2011; 377: 1693-702. 
http://dx.doi.org/10.1016/S0140-6736(11)60325-5 

[10] Kwakkel G, Wagenaar RC, Twisk JW, Lankhorst GJ, 

Koetsier JC. Intensity of leg and arm training after primary 
middle-cerebral-artery stroke: a randomised trial. Lancet 
1999; 354: 191-96. 
http://dx.doi.org/10.1016/S0140-6736(98)09477-X 

[11] Duschau-Wicke A, von Zitzewitz J, Caprez A, Lunenburger L, 
Riener R. Path Control: A Method for Patient-Cooperative 
Robot-Aided Gait Rehabilitation. Neural Systems:  and 

Rehabilitation Engineering, IEEE Transactions on 2010; 18: 
38-48. 

[12] Kim SH, Banala SK, Brackbill EA, Agrawal SK, 
Krishnamoorthy V, Scholz JP. Robot-assisted modifications 
of gait in healthy individuals. Exper Brain Res 2010; 202: 

809-24. 
http://dx.doi.org/10.1007/s00221-010-2187-5 

[13] Peshkin M, Brown DA, Santos-Munné JJ, Makhlin A, Lewis 
E, Colgate JE, et al. Kine Assist: A robotic overground gait 



Review of Robot-Assisted Gait Rehabilitation after Stroke Journal of Rehabilitation Robotics, 2013, Vol. 1, No. 1      7 

and balance training device. Rehabilitation Robotics, 2005. 

ICORR 2005. 9th International Conference on 2005; 241-
246. 

[14] Riener R, Lunenburger L, Jezernik S, Anderschitz M, 
Colombo G, Dietz V. Patient-cooperative strategies for robot-
aided treadmill training: first experimental results. Neural 

Systems and Rehabilitation Engineering, IEEE Transactions 
on 2005; 13: 380-94. 

[15] McCain KJ, Polio FE, Baum BS, Coleman SC, Baker S, 
Smith PS. Locomotor treadmill training with partial body-

weight support before overground gait in adults with acute 
stroke: a pilot study. Archiv Phys Med Rehabilitation 2008; 
89: 684-91. 
http://dx.doi.org/10.1016/j.apmr.2007.09.050 

[16] Hesse S, Uhlenbrock D, Werner C, Bardeleben A. A 

mechanized gait trainer for restoring gait in nonambulatory 
subjects. Archiv Phys Med Rehabilitation 2000; 81: 1158-61. 
http://dx.doi.org/10.1053/apmr.2000.6280 

[17] Meyer-Heim A, Borggraefe I, Ammann-Reiffer C, Berweck S, 

Sennhauser FH, Colombo G, et al. Feasibility of robotic-
assisted locomotor training in children with central gait 
impairment. Dev Med Child Neurol 2007; 49: 900-6. 
http://dx.doi.org/10.1111/j.1469-8749.2007.00900.x 

[18] Moseley AM, Stark A, Cameron ID, Pollock A. Treadmill 

training and body weight support for walking after stroke. 
Stroke 2003; 34: 3006. 
http://dx.doi.org/10.1161/01.STR.0000102415.43108.66 

[19] Pohl M, Werner C, Holzgraefe M, Kroczek G, Wingendorf I, 
Hoölig G, et al. Repetitive locomotor training and 

physiotherapy improve walking and basic activities of daily 
living after stroke: a single-blind, randomized multicentre trial 
(DEutsche GAngtrainerStudie, DEGAS). Clin Rehabilitation 

2007; 21: 17-27. 
http://dx.doi.org/10.1177/0269215506071281 

[20] Duncan PW, Propst M, Nelson SG. Reliability of the Fugl-
Meyer assessment of sensorimotor recovery following 
cerebrovascular accident. Phys Therapy 1983; 63: 1606-10. 

[21] Barbeau H, Visintin M. Optimal outcomes obtained with 

body-weight support combined with treadmill training in 
stroke subjects. Archiv Phys Med Rehabilitation 2003; 84: 
1458-65. 
http://dx.doi.org/10.1016/S0003-9993(03)00361-7 

[22] Bogey R, Hornby GT. Gait training strategies utilized in post 
stroke rehabilitation: are we really making a difference? 
Topics Stroke Rehabilitation 2007; 14: 1-8. 
http://dx.doi.org/10.1310/tsr1406-1 

[23] Mehrholz J, Werner C, Kugler J, Pohl M. Electromechanical-

assisted training for walking after stroke. Cochrane Database 
Syst Rev 2007; (4): CD006185. 

[24] Mayr A, Kofler M, Quirbach E, Matzak H, Fröhlich K, Saltuari 
L. Prospective, blinded, randomized crossover study of gait 

rehabilitation in stroke patients using the Lokomat gait 
orthosis. Neurorehabilitation Neural Repair 2007; 21: 307-14. 
http://dx.doi.org/10.1177/1545968307300697 

[25] Luft AR, Macko RF, Forrester LW, Villagra F, Ivey F, Sorkin 
JD, et al. Treadmill exercise activates subcortical neural 

networks and improves walking after stroke: a randomized 
controlled trial. Stroke 2008; 39: 3341-50. 
http://dx.doi.org/10.1161/STROKEAHA.108.527531 

[26] Visintin M, Barbeau H, Korner-Bitensky N, Mayo NE. A new 

approach to retrain gait in stroke patients through body 
weight support and treadmill stimulation. Stroke 1998; 29: 
1122-28. 
http://dx.doi.org/10.1161/01.STR.29.6.1122 

[27] Monaco V, Galardi G, Jung JH, Bagnato S, Boccagni C, 

Micera S. A new robotic platform for gait rehabilitation of 
bedridden stroke patients. Rehabilitation Robotics, 2009. 
ICORR 2009. IEEE International Conference on 2009; 383-
388. 

[28] Skvortsova VI, Ivanova GE, Kovrazhkina EA, Rumiantseva 

NA, Staritsyn AN, Suvorov AIu, et al. The use of a robot-
assisted Gait Trainer GT1 in patients in the acute period of 
cerebral stroke: a pilot study. Zh Nevrol Psikhiatr Im S S 
Korsakova. 2008; Suppl 23: 28-34. [Article in Russian]. 

[29] Forrester LW, Roy A, Krebs HI, Macko RF. Ankle Training 

With a Robotic Device Improves Hemiparetic Gait After a 
Stroke. Neurorehabilitation Neural Repair 2010; 369-77.  

[30] Song R, Tong K, Hu X. Assistive control system using 
continuous myoelectric signal in robot-aided arm training for 

patients after stroke. Neural Systems and Rehabilitation 
Engineering, IEEE Transactions on 2008; 16: 371-79. 

[31] Ueda J, Ming D, Krishnamoorthy V, Shinohara M, 
Ogasawara T. Individual Muscle Control Using an 
Exoskeleton Robot for Muscle Function Testing. Neural 

Systems and Rehabilitation Engineering, IEEE Transactions 
on 2010; 18: 339-50. 

[32] Hyngstrom A, Onushko T, Chua M, Schmit BD. Abnormal 
Volitional Hip Torque Phasing and Hip Impairments in Gait 

Post Stroke. J Neurophysiol 2010; 103: 1557-68. 
http://dx.doi.org/10.1152/jn.00528.2009 

[33] Hornby TG, Campbell DD, Kahn JH, Demott T, Moore JL, 
Roth HR. Enhanced gait-related improvements after 
therapist-versus robotic-assisted locomotor training in 

subjects with chronic stroke: a randomized controlled study. 
Stroke 2008; 39: 1786-92. 
http://dx.doi.org/10.1161/STROKEAHA.107.504779 

[34] Hidler J, Nichols D, Pelliccio M, Brady K, Campbell DD, Kahn 
JH, et al. Multicenter randomized clinical trial evaluating the 

effectiveness of the Lokomat in subacute stroke. 
Neurorehabilitation Neural Repair 2009; 23: 5-13. 
http://dx.doi.org/10.1177/1545968308326632 

[35] Dobkin BH. Strategies for stroke rehabilitation. Lancet Neurol 

2004; 3: 528-36. 
http://dx.doi.org/10.1016/S1474-4422(04)00851-8 

[36] Iosa M, Morone G, Bragoni M, De Angelis D, Venturiero V, 
Coiro P, et al. Driving electromechanically assisted Gait 
Trainer for people with stroke. J Rehabilitation Res Dev 

2011; 48: 135-46. 
http://dx.doi.org/10.1682/JRRD.2010.04.0069 

[37] Morone G, Bragoni M, Iosa M, De Angelis D, Venturiero V, 
Coiro P, et al. Who may benefit from robotic-assisted gait 

training? A randomized clinical trial in patients with subacute 
stroke. Neurorehabil Neural Repair 2011; 25: 636-44. 
http://dx.doi.org/10.1177/1545968311401034 

[38] Hermano K, Bruce V, Neville H. A working model of stroke 
recovery from rehabilitation robotics practitioners. J 

Neuroeng Rehabil 2009; 6: 6. 
http://dx.doi.org/10.1186/1743-0003-6-6 

[39] Pollock A, Baer G, Langhorne P, Pomeroy V. Physiotherapy 
treatment approaches for the recovery of postural control and 

lower limb function following stroke: a systematic review. Clin 
Rehabil 2007; 21: 395-10.  
http://dx.doi.org/10.1177/0269215507073438 

[40] Hesse S, Bertelt C, Jahnke MT, Schaffrin A, Baake P, 
Malezic M, et al. Treadmill training with partial body weight 

support compared with physiotherapy in nonambulatory 
hemiparetic patients. Stroke 1995; 26: 976-81. 
http://dx.doi.org/10.1161/01.STR.26.6.976 

[41] Bogataj U, Gros N, Kljajic M, Acimovic R, Malezic M. The 

rehabilitation of gait in patients with hemiplegia: a 
comparison between conventional therapy and multichannel 
functional electrical stimulation therapy. Phys Ther 1995; 75: 
490-502. 

[42] Bogataj U, Gros N, Malezic M, Kelih B, Kljajic M, Acimovic R. 

Restoration of gait during two to three weeks of therapy with 
multichannel electrical stimulation. Phys Ther 1989; 69: 319. 

[43] Bogataj U, Gros N, Kljajic M, Acimovic-Janezic R. Enhanced 
rehabilitation of gait after stroke: a case report of a 



8     Journal of Rehabilitation Robotics, 2013, Vol. 1, No. 1 Lv and Wu 

therapeutic approach using multichannel functional electrical 

stimulation. Rehabilitation Engineering, IEEE Transactions 
on 2002; 5: 221-32. 

[44] Kottink AI, Oostendorp LJ, Buurke JH, Nene AV, Hermens 
HJ, IJzerman MJ. The orthotic effect of functional electrical 
stimulation on the improvement of walking in stroke patients 

with a dropped foot: a systematic review. Artificial Organs 
2004; 28: 577-86. 
http://dx.doi.org/10.1111/j.1525-1594.2004.07310.x 

[45] Teasell RW, Foley NC, Bhogal SK, Speechley MR. An 

evidence-based review of stroke rehabilitation. Topics Stroke 
Rehabilitation 2002; 10: 29-58. 
http://dx.doi.org/10.1310/8YNA-1YHK-YMHB-XTE1 

[46] Wolpaw JR, McFarland DJ. Multichannel EEG-based brain-
computer communication. Electroencephalogr Clin 

Neurophysiol 1994; 90: 444-49. 
http://dx.doi.org/10.1016/0013-4694(94)90135-X 

[47] Yan T, Hui-Chan CW, Li LS. Functional electrical stimulation 
improves motor recovery of the lower extremity and walking 

ability of subjects with first acute stroke: a randomized 
placebo-controlled trial. Stroke 2005; 36: 80-85. 
http://dx.doi.org/10.1161/01.STR.0000149623.24906.63 

[48] Page SJ, Levine P, Leonard A. Mental practice in chronic 
stroke: results of a randomized, placebo-controlled trial. 

Stroke 2007; 38: 1293-97. 
http://dx.doi.org/10.1161/01.STR.0000260205.67348.2b 

[49] Daly JJ, Cheng R, Rogers J, Litinas K, Hrovat K, Dohring M. 
Feasibility of a new application of noninvasive brain 
computer interface (BCI): a case study of training for 

recovery of volitional motor control after stroke. J Neurologic 
Phys Ther 2009; 33: 203-11. 

[50] Tan HG, Kong KH, Shee CY, Wang CC, Guan CT, Ang WT. 
Post-acute stroke patients use brain-computer interface to 

activate electrical stimulation. Engineering in Medicine and 
Biology Society (EMBC), 2010 Annual International 
Conference of the IEEE 2010; 4234-4237. 

[51] Ang KK, Guan C, Chua SG, Ang BT, Kuah C, Wang C, et al. 

A clinical study of motor imagery-based brain-computer 
interface for upper limb robotic rehabilitation. Engineering in 
Medicine and Biology Society, 2009. EMBC 2009. Annual 
International Conference of the IEEE 2009; 5981-5984. 

[52] Broetz D, Braun C, Weber C, Soekadar SR, Caria A, 

Birbaumer N. Combination of brain-computer interface 
training and goal-directed physical therapy in chronic stroke: 
a case report. Neurorehabilitation Neural Repair 2010; 24: 

674. 
http://dx.doi.org/10.1177/1545968310368683 

[53] Kwakkel G, Kollen BJ, van der Grond J, Prevo AJ. Probability 
of regaining dexterity in the flaccid upper limb. Impact of 

severity of paresis and time since onset in acute stroke. 
Stroke 2003; 2181-86. 
http://dx.doi.org/10.1161/01.STR.0000087172.16305.CD 

[54] Miyai I, Tanabe HC, Sase I, Eda H, Oda I, Konishi I, et al. 
Cortical mapping of gait in humans: a near-infrared 

spectroscopic topography study. Neuroimage 2001; 14: 
1186-92. 
http://dx.doi.org/10.1006/nimg.2001.0905 

[55] Suzuki M, Miyai I, Ono T, Oda I, Konishi I, Kochiyama T, et 

al. Prefrontal and premotor cortices are involved in adapting 
walking and running speed on the treadmill: an optical 
imaging study. Neuroimage 2004; 23: 1020-26. 
http://dx.doi.org/10.1016/j.neuroimage.2004.07.002 

[56] Mihara M, Miyai I, Hatakenaka M, Kubota K, Sakoda S. Role 

of the prefrontal cortex in human balance control. 
Neuroimage 2008; 43: 329-36. 
http://dx.doi.org/10.1016/j.neuroimage.2008.07.029 

[57] Mihara M, Miyai I, Hatakenaka M, Kubota K, Sakoda S. 
Sustained prefrontal activation during ataxic gait: A 

compensatory mechanism for ataxic stroke? Neuroimage 
2007; 37: 1338-45. 
http://dx.doi.org/10.1016/j.neuroimage.2007.06.014 

 

 

Received on 11-03-2013 Accepted on 23-04-2013 Published on 30-06-2013 
 

 

© 2013 Lv and Wu; Licensee Synergy Publishers. 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 

(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in 
any medium, provided the work is properly cited. 
 


