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Abstract 

Background: Robotic rehabilitation has been attracting attention as a means to carry 

out "intensive", "repetitive", "task-specific", gait training. The newly developed robotic 

device, the Hybrid Assistive Limb (HAL), is thought to have the possibility of having 

an excellent effect on gait speed improvement over the conventional automatic 

programed assist robot. The purpose of this study was to investigate the spatiotemporal 

characteristics related to gait speed improvement using the HAL in chronic stroke 

patients. 

Research question: To investigate the effects of robotic gait training on gait speed and 

gait parameters. 

Methods: An observational study with an intervention for single group was used. 

Intervention was conducted in University Hospital. Eleven chronic stroke patients were 

enrolled in this study. The patients performed 8 gait training sessions using the HAL, 2 

- 5 sessions/week for 3 weeks. Gait speed, stride length, cadence, time of gait cycle 

(double-limb stance phases and single-limb stance phases) and time asymmetry index 

were measured before and after intervention. 

Results: After intervention, gait speed, stride length, and cadence were significantly 

improved (Effect size = 0.39, 0.29, and 0.29), the affected initial double-limb stance 



4 

 

phase was significantly shortened (from 15.8±3.46% to 13.3±4.20%, p = .01), and the 

affected single-limb stance phase was significantly lengthened (from 21.8±7.02% to 

24.5±7.95%, p < .01). The time asymmetry index showed a tendency to improve after 

intervention (from 22.9±11.8 to 17.6±9.62, p = .06). There was a significant correlation 

between gait speed and the stride length increase rate (r = .72, p = .01). 

Significance: This study showed that increasing stride length with lengthening of the 

affected single-stance phase by gait training using the HAL improved gait speed in 

chronic stroke patients. However, the actual contributions on HAL cannot be separated 

from gait training because this study is an observational research without a control 

group. 

 

Keywords 

Robotics rehabilitation, Chronic stroke, Gait speed, Gait cycle, the Hybrid Assistive 

Limb  
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DLS – Double-limb stance 

SLS – Single-limb stance  

CVC – Cybernic Voluntary Control 

CIC – Cybernic Impedance Control 

CAC – Cybernic Autonomous Control 
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Introduction 

Stroke is a medical condition caused by cerebrovascular ischemia or 

hemorrhage. Damage to the motor system in the brain causes physical disability and 

gait dysfunction [1]. Although gait function in most stroke patients improves to some 

extent during the acute to subacute phase after stroke, most patients have to use an 

assistive device (e.g., a cane or a quad cane) that compensates for impairments of the 

lower-extremities, and they remain limited in community ambulation and social 

participation [2, 3]. The improvement of their gait ability after stroke is, therefore, a 

social challenge. 

The greatest recovery in impairments of the upper and lower extremities and 

gait ability after stroke is observed within 2-3 months, followed by more gradual 

improvements occurring for up to 6 months [2, 4]. The remaining deficit after this 

recovery period is permanent. Nonetheless, some studies have reported that the physical 

deficits involving muscle weakness and atrophy and gait dysfunction persist even for 1 

year after stroke [5, 6]. Therefore, rehabilitation in the chronic phase of stroke is needed 

to improve the remaining motor dysfunctions. Rehabilitation programs including 

intensive, repetitive, and task-specific training may accelerate functional restitution and 

improve motor outcomes even in chronic stroke patients [7-9]. Recently, robot-assisted 
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gait training has been developed to make patients carry out intensive and repetitive gait 

training. Moreover, the effects of gait training using a robot may be superior to 

therapist-assisted gait training, because patients can train in accurate and reproducible 

gait with robotic mechanical training. However, in a recent randomized controlled study 

that compared robot-assisted gait training with therapist-assisted gait training in chronic 

stroke patients, the results indicated that improvements in speed and single-limb stance 

(SLS) time of the affected leg were greater in subjects who received therapist-assisted 

gait training [10]. Moreover, in a recent systematic review, there was no clear evidence 

that robot-assisted gait training is superior to conventional physical therapy in patients 

with chronic stroke [11]. Especially for gait speed, robot-assisted gait training in 

combination with physiotherapy did not increase gait speed significantly, although 

some gait parameters were improved significantly [12]. The use of robot such as 

Lokomat could not enhance the effect of gait training without the robot [10, 13]. A 

possible reason of insufficient effect of existing robot is that these devices assist joint 

motion autonomously according to a computer program without taking into account 

patient’s intention to move and voluntary motion. 

Recently, a wearable exoskeleton device with a hybrid system that allows a 

voluntary mode of action to support gait training, the Hybrid Assistive Limb (HAL) 
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system (Cyberdyne Inc., 2-2-1, Gakuen Minami, Tsukuba, Ibaraki, Japan 305-0818), 

has been developed [14, 15]. Comparing with the robot without assisting the voluntary 

motion or muscle activity in patients, the HAL has the possibility to better promote 

motor learning than other robots because it can detect the patient’s voluntary muscle 

activity and assist the patient according to his or her intention to walk. Actually, there 

are some reports of the beneficial effects if using the HAL for gait training [16, 17]. In 

stroke patients, extension of the double-limb stance (DLS) time [18] or shortening of 

the SLS time on the affected side are associated with decrement of their gait speed [19, 

20]. These abnormal gait characteristics have significant negative correlations with gait 

speed. It is therefore important to evaluate the changes in spatiotemporal gait 

parameters including the gait cycle, such as SLS on the affected side, after gait training 

with the HAL. However, changes in the gait cycle after intervention using the HAL 

have rarely been reported. Moreover, although the changes in the gait cycle would 

improve gait parameters such as stride length and cadence, it is still unclear which 

factor is related to improvement of gait speed after intervention using the HAL. 

The purposes of the present study were to assess the changes of spatiotemporal 

parameters including the gait cycle and to determine the factors associated with the 

change in gait speed after gait training using the HAL in chronic stroke patients.  
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Methods 

Study design and Participants 

An observational study with an intervention for single group was used. 

Outcomes were measured before and after the intervention that was gait training with 

using the HAL for chronic stroke patients. Patients were hospitalized in Kyoto 

University Hospital between January 2017 and August 2017. 

Eleven stroke patients with hemiplegia were enrolled in this study. Their 

clinical characteristics are shown in Table 1. All patients were in the chronic phase (> 6 

months). Walking ability was assessed by the Functional Ambulation Category (FAC; 

score range 0–5) [21]. Two patients were able to walk independently, six patients used a 

T-cane to walk, and three patients used a quad-cane. Nine patients wore ankle foot 

orthoses. 

The inclusion criteria were: ability to understand an explanation of the study 

and to express consent or refusal; body size that can fit in the robotic suit HAL (height 

range, 145-180 cm; maximal body weight 80 kg); and ability to walk at least 10 m. 

The exclusion criteria were: intellectual impairments that limit the ability to 

understand instructions; contracture restricting gait movements at any lower limb joint 
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(hip, knee, ankle); or cardiovascular or other somatic conditions incompatible with 

intensive gait training 

All subjects were fully informed of the procedures and purpose of the study, 

which conformed to the Declaration of Helsinki. Written informed consent was 

obtained from all subjects. This study was approved by the ethics committee of Kyoto 

University Graduate School and the Faculty of Medicine (C0775). 

 

Training program 

All patients performed gait training using the HAL for 8 sessions with 2-5 

sessions/week for 3 weeks. Each session lasted approximately 60 min, including change 

of clothes, setup of the HAL, and gait training. The double-leg type HAL was used for 

gait training. The gait training was performed with 3-4 physical therapists for operation 

of the HAL commands, supporting patients’ stability, and handling a mobile suspension 

system (ALL-In-One Walking Trainer, Ropox A/S, 221 Ringstedgade, Naestved, 

Denmark 4700) if needed. Gait training was conducted with the aim of enhancing 

patients’ gait ability maximally. Each patient received therapy on the treadmill or on the 

ground so as the patient could train intensively and repetitively as much as possible. For 

the safety issue, treadmill use was restricted to a patient who could walk at a constant 



11 

 

speed. Gait training on the ground with mobile suspension system was selected if a 

patient needed adjustment of walking speed by therapists. The physical therapists using 

the HAL had taken the learning program and had a license to use the HAL. Distance 

and gait speed depended on the patients’ tolerance.  

 

HAL 

The HAL is a wearable exoskeleton robot that assists the limb motion of the 

human body. The surface electromyography electrodes were placed on the rectus 

femoris, gluteus maximus, biceps femoris, and vastus lateralis. The HAL supports hip 

flexion/extension and knee flexion/extension by detecting the electric signals generated 

by these muscles. 

 

Control mode 

The HAL has three control systems comprising the Cybernic Voluntary 

Control (CVC), Cybernic Impedance Control (CIC), and Cybernic Autonomous Control 

(CAC). The CVC mode assists patients’ motion triggered by the electric signals of their 

muscles. The level and timing of assisting torque can be controlled by using the HAL 

commands of tuner and/or balance of flexion/extension. The CIC mode can make 
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smooth joint motion by assisting in removing the weight of the HAL suit. The CAC 

mode assists patients’ motion autonomously, based on determining the standing or 

swing phase from force-pressure sensors in the shoes. In this study, the CVC mode was 

mainly used, and the CIC mode was used as needed. During gait training with the 

assistance of the HAL, physical therapists continuously adjust magnitude and timing of 

HAL setting (i.e. threshold of detecting the muscle activity, torque tuner and limitation, 

and balance of extensor/flexor muscle activation), so that a patient can walk as smooth 

as possible with his or her own movement during stance phase in affected side (Figure 

1). As a patient’s stage of training advanced, the magnitude of assistance was decreased 

to induce his or her voluntary torque. 

 

Outcome 

Gait function 

Before and after the intervention, a maximum 10-m walk test (10MWT) was 

performed without the HAL. Walking time and number of steps were assessed to 

calculate gait speed (m/s), stride length (m), and cadence (steps/min). The faster time of 

two trials was selected for analysis. Patients were required to use the same device and/or 

orthosis before and after the intervention. A therapist supported the subjects as 
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necessary. In the 10MWT, the motion video (30 Hz) was taken from the sagittal plane 

by a video camera (HC-V550M, Panasonic, 1006, Oaza Kadoma, Kadoma-shi, Osaka, 

Japan 571-8501). According to the method of previous study [22], the Dartfish Program 

(9.0 TeamProData, Dartfish Japan, 1-9-8 Iwamoto-cho, Chiyoda-ku, Tokyo, Japan 101-

0032) was used to identify the times of the DLS and SLS phases in a gait cycle (Figure 

2). Four periods between the markings were defined as the affected initial DLS phases, 

the affected SLS phase, the unaffected initial DLS phases, and the unaffected SLS 

phase[18]. These periods were divided by the gait cycle time and calculated as the 

percent gait cycle (%). In the present study, the intraclass correlation coefficient (ICC 

1.1) of dividing into gait cycle using the Dartfish Program was 0.98 and it showed 

almost perfect reliability [23]. 

 

Time asymmetry index 

SLS times on the affected and unaffected sides were measured. The difference 

in the SLS times between the affected and the unaffected sides divided by the sum of 

both sides was defined as the time symmetry index. 

 

Statistical Analysis 
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Statistical analysis was conducted using SPSS (version 22.0, IBM Japan Inc., 

19-21, Nihonbashi-Hakozaki-cho, Chuo-ku, Tokyo, Japan 103-8510). The normality of 

the data was evaluated using the Shapiro-Wilk test. The paired t-test or Wilcoxon 

signed-rank test was used to determine the differences in gait speed, stride length, 

cadence, each gait cycle, and time asymmetry index before and after the intervention. 

The effect size (Cohen’s d) and 95% confidence interval of gait function changes in pre- 

and post-training were calculated using the methods described previously [24, 25]. 

Spearman’s rank correlation coefficients were calculated between the rates of increase 

of gait speed and of stride length or cadence. 

 

Results 

All patients completed the gait training sessions without any adverse events. 

Compliance with the interventions in this study was 100%. Therefore, the statistical 

analysis included all patients’ data. Changes in gait function, gait cycle, and the time 

asymmetry index are shown in Table 2.  

 

Gait function 
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Gait speed, stride length, and cadence were significantly increased after the 

intervention. The individual changes are shown in Figure 3. The gait speed was 

improved in 10 of 11 patients; Pt. 11 showed no improvement.  

 

Correlations between the changes of gait speed and of stride length and cadence 

The rate of increase of gait speed was significantly correlated with the rate of 

increase of stride length (r = .72, p = .01), but not of cadence (r = .46, p = .15). 

 

Gait cycle 

The total time of a gait cycle was not significantly changed from pre- to post-

intervention. The affected initial DLS phase was significantly shortened (from 

15.8%±3.46% to 13.3%±4.20%, p = .01), and the affected SLS phase was significantly 

lengthened after the intervention (from 21.8%±7.02% to 24.5%±7.95%, p < .01). There 

were no significant differences in the unaffected initial DLS and unaffected SLS 

between pre- and post-intervention (unaffected initial DLS from 28.0%±15.5% to 

27.4%±17.4%, p = .63; unaffected SLS from 34.3%±10.1% to 34.7%±10.6%, p = .66). 

 

Time asymmetry index 



16 

 

The difference in SLS time between the affected side and the unaffected side 

was significantly decreased after intervention (p < .05), though there was no significant 

difference in the sum of both sides (p = .89). The time asymmetry index tended to 

improve after the intervention (from 22.9±11.8 to 17.6±9.62, p = .06). 

 

Discussion 

In this study, the gait speed, stride length, and cadence after the intervention were 

greater compared with pre-intervention values. These results are consistent with 

previous reports of gait training using the HAL for chronic stroke patients [16, 17, 26]. 

Moreover, one of the main results in this study was that the affected SLS phase was 

significantly lengthened after gait training. Additionally, the time asymmetry index after 

intervention tended to improve, though the difference was not significant.  

In general, cadence and stride length during walking are the key determinants of 

gait speed. In the present study, the change in gait speed after training was found to 

correlate with that of stride length, but to have no correlation with that of cadence. 

These results suggested that gait speed was improved by increasing stride length. In 

most reports aimed at improvement of gait speed, both stride length and cadence were 

improved together with improvement of gait speed [27-30]. However, the relationship 
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between gait speed and stride length or cadence was rarely reported, though the 

relationship is important to let clinicians know how the intervention affected their 

patients’ gait pattern. 

In the present study, the SLS phase on the affected side was greater after 

intervention. The HAL can promote motor learning by matching the timing of patient’s 

muscle activity and actual movement of lower extremity. Moreover, the HAL tend to 

facilitate muscle activity at stance phase than swing phase because muscles related to 

stance phase were detected from gluteus maximus, rectus femoris, and vastus lateralis 

which are mainly responsible for stability of the SLS phase. On the other hand, in the 

HAL program, the monitored muscle related to hip swing consists only rectus femoris, 

without including iliopsoas muscle. These characteristics of the HAL may improve the 

stability of the affected stance by promoting muscle activity of the lower extremity 

related to the SLS phase (hip extension and knee extension). Promoting weight-bearing 

to the affected side by improving its stability may increase the step length of the 

unaffected side, resulting in improved stride length. There are some reports of a 

significant increase in unaffected step length with robot-assisted gait training (Gait 

Trainer and SMA) [29, 30]. However, these reports did not investigate the relationship 

between gait parameters (step length) and gait speed. In the present study, lengthening 
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of stride length was correlated with improved gait speed. To the best of our knowledge, 

this is the first report to identify the mechanism of improving the gait speed by gait 

training using the HAL. These results will provide guidance to clinicians in the 

development of more effective rehabilitation strategies to improve gait ability in chronic 

stroke patients.  

To improve gait function in chronic stroke patients efficiently, intensive and 

repetitive training is needed [31]. Traditionally, therapist-assisted gait training and 

treadmill training with partial body weight support [32] were conducted. However, 

these approaches have critical limitations for intensive and repetitive training because of 

the therapist’s burden and a lack of manpower. Robot-assisted training would solve 

these problems. As indicated in previous studies [11, 33], an equivalent effect to 

therapist-assisted training can be obtained without any burden on a therapist. Moreover, 

rehabilitation strategies using robotics such as the HAL, including the concept of 

promoting motor learning, in addition to repetitive, intensive, task-oriented training, 

may be critical for improving patients’ physical functions. 

Assessment of participant compliance with the study protocol is important to 

interpret the key results of a trial. Some studies showed that gait training using the HAL 

was feasible with regard to adverse events and compliance [17, 26, 34]. Compliance 

https://ejje.weblio.jp/content/adverse+event
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with the interventions in this study was 100%, and the participants safely completed all 

sessions because all training programs were supervised by experienced physical 

therapists.  

In the present study, 8 sessions of gait training using the HAL were conducted. In 

other reports of patients with chronic stroke, 8 sessions were given by Yoshimoto et al. 

[26], with 16 sessions by Kawamoto et al. [16] and Kubota et al. [17]. Differences in the 

effects on gait function by the number of training sessions have not been reported. The 

appropriate number of sessions will need to be studied in the future.  

 

Study Limitations 

First, there was no control group in this study. Therefore, it is impossible to compare the 

effect of conventional rehabilitation or other robotic rehabilitation and the effect of the 

HAL in the present study. Second, whether unaffected step length actually was 

increased was unknown because kinematic changes were not measured. In the future, 

detailed studies using a three-dimensional motion analysis device are necessary to 

capture actual kinematic changes. Third, the frequencies of treatment session of HAL in 

this study allowed a wide range of 2 to 5 times/week. Whether the frequency of 

treatment would influence outcomes after intervention remains to be solved. Finally, 
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only a limited number of patients were included in this study. Further study is needed to 

determine the sample size sufficient to generalize the results. 

 

Conclusion 

The results of the present study suggest that improvement of gait speed caused 

by gait training using the HAL was due to the increase in stride length with extension of 

affected SLS time. The present study showed that gait training using the HAL could 

lengthen the single-stance phase on the affected side. The result may contribute to the 

mechanism of the HAL for gait improvement and support the importance of robotic 

rehabilitation in order to achieve good clinical outcomes. 

  



21 

 

References 

[1] Duncan PW, Zorowitz R, Bates B, Choi JY, Glasberg JJ, Graham GD, et al. 

Management of Adult Stroke Rehabilitation Care: a clinical practice guideline. Stroke. 

2005;36:e100-43. 

[2] Jorgensen HS, Nakayama H, Raaschou HO, Olsen TS. Recovery of walking function in 

stroke patients: the Copenhagen Stroke Study. Arch Phys Med Rehabil. 1995;76:27-32. 

[3] Lord SE, McPherson K, McNaughton HK, Rochester L, Weatherall M. Community 

ambulation after stroke: how important and obtainable is it and what measures appear 

predictive? Arch Phys Med Rehabil. 2004;85:234-9. 

[4] Jorgensen HS, Nakayama H, Raaschou HO, Vive-Larsen J, Stoier M, Olsen TS. 

Outcome and time course of recovery in stroke. Part II: Time course of recovery. The 

Copenhagen Stroke Study. Arch Phys Med Rehabil. 1995;76:406-12. 

[5] Skilbeck CE, Wade DT, Hewer RL, Wood VA. Recovery after stroke. J Neurol Neurosurg 

Psychiatry. 1983;46:5-8. 

[6] Duncan PW, Goldstein LB, Matchar D, Divine GW, Feussner J. Measurement of motor 

recovery after stroke. Outcome assessment and sample size requirements. Stroke. 

1992;23:1084-9. 

[7] Kwakkel G, van Peppen R, Wagenaar RC, Wood Dauphinee S, Richards C, Ashburn A, 

et al. Effects of augmented exercise therapy time after stroke: a meta-analysis. Stroke. 

2004;35:2529-39. 

[8] Veerbeek JM, van Wegen E, van Peppen R, van der Wees PJ, Hendriks E, Rietberg M, 

et al. What is the evidence for physical therapy poststroke? A systematic review and meta-

analysis. PLoS One. 2014;9:e87987. 

[9] Langhorne P, Coupar F, Pollock A. Motor recovery after stroke: a systematic review. 

Lancet Neurol. 2009;8:741-54. 

[10] 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. 

[11] Chang WH, Kim YH. Robot-assisted Therapy in Stroke Rehabilitation. J Stroke. 

2013;15:174-81. 

[12] Mehrholz J, Thomas S, Werner C, Kugler J, Pohl M, Elsner B. Electromechanical-

assisted training for walking after stroke. Cochrane Database Syst Rev. 2017;5:Cd006185. 

[13] 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. 

Neurorehabil Neural Repair. 2009;23:5-13. 



22 

 

[14] Kawamoto H, Hayashi T, Sakurai T, Eguchi K, Sankai Y. Development of single leg 

version of HAL for hemiplegia. Conf Proc IEEE Eng Med Biol Soc. 2009;2009:5038-43. 

[15] Kawamoto H, Taal S, Niniss H, Hayashi T, Kamibayashi K, Eguchi K, et al. Voluntary 

motion support control of Robot Suit HAL triggered by bioelectrical signal for hemiplegia. 

Conf Proc IEEE Eng Med Biol Soc. 2010;2010:462-6. 

[16] Kawamoto H, Kamibayashi K, Nakata Y, Yamawaki K, Ariyasu R, Sankai Y, et al. 

Pilot study of locomotion improvement using hybrid assistive limb in chronic stroke 

patients. BMC Neurol. 2013;13:141. 

[17] Kubota S, Nakata Y, Eguchi K, Kawamoto H, Kamibayashi K, Sakane M, et al. 

Feasibility of rehabilitation training with a newly developed wearable robot for patients 

with limited mobility. Arch Phys Med Rehabil. 2013;94:1080-7. 

[18] Goldie PA, Matyas TA, Evans OM. Gait after stroke: initial deficit and changes in 

temporal patterns for each gait phase. Arch Phys Med Rehabil. 2001;82:1057-65. 

[19] Balasubramanian CK, Neptune RR, Kautz SA. Variability in spatiotemporal step 

characteristics and its relationship to walking performance post-stroke. Gait Posture. 

2009;29:408-14. 

[20] von Schroeder HP, Coutts RD, Lyden PD, Billings E, Jr., Nickel VL. Gait parameters 

following stroke: a practical assessment. J Rehabil Res Dev. 1995;32:25-31. 

[21] Holden MK, Gill KM, Magliozzi MR. Gait assessment for neurologically impaired 

patients. Standards for outcome assessment. Phys Ther. 1986;66:1530-9. 

[22] Choi YK, Kim K, Choi JU. Effects of stair task training on walking ability in stroke 

patients. J Phys Ther Sci. 2017;29:235-7. 

[23] Lee J, Koh D, Ong CN. Statistical evaluation of agreement between two methods for 

measuring a quantitative variable. Comput Biol Med. 1989;19:61-70. 

[24] Cohen J. A power primer. Psychol Bull. 1992;112:155-9. 

[25] Nakagawa S, Cuthill IC. Effect size, confidence interval and statistical significance: a 

practical guide for biologists. Biol Rev Camb Philos Soc. 2007;82:591-605. 

[26] Yoshimoto T, Shimizu I, Hiroi Y, Kawaki M, Sato D, Nagasawa M. Feasibility and 

efficacy of high-speed gait training with a voluntary driven exoskeleton robot for gait and 

balance dysfunction in patients with chronic stroke: nonrandomized pilot study with 

concurrent control. Int J Rehabil Res. 2015;38:338-43. 

[27] Choi W, Han D, Kim J, Lee S. Whole-Body Vibration Combined with Treadmill 

Training Improves Walking Performance in Post-Stroke Patients: A Randomized Controlled 

Trial. Med Sci Monit. 2017;23:4918-25. 

[28] Yang YR, Wang RY, Chen YC, Kao MJ. Dual-task exercise improves walking ability in 

chronic stroke: a randomized controlled trial. Arch Phys Med Rehabil. 2007;88:1236-40. 



23 

 

[29] Buesing C, Fisch G, O'Donnell M, Shahidi I, Thomas L, Mummidisetty CK, et al. 

Effects of a wearable exoskeleton stride management assist system (SMA(R)) on 

spatiotemporal gait characteristics in individuals after stroke: a randomized controlled 

trial. J Neuroeng Rehabil. 2015;12:69. 

[30] Bang DH, Shin WS. Effects of robot-assisted gait training on spatiotemporal gait 

parameters and balance in patients with chronic stroke: A randomized controlled pilot trial. 

NeuroRehabilitation. 2016;38:343-9. 

[31] Langhorne P, Bernhardt J, Kwakkel G. Stroke rehabilitation. Lancet. 2011;377:1693-

702. 

[32] 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;29:1122-8. 

[33] Mehrholz J, Elsner B, Werner C, Kugler J, Pohl M. Electromechanical-assisted 

training for walking after stroke. Cochrane Database Syst Rev. 2013:Cd006185. 

[34] Nilsson A, Vreede KS, Haglund V, Kawamoto H, Sankai Y, Borg J. Gait training early 

after stroke with a new exoskeleton--the hybrid assistive limb: a study of safety and 

feasibility. J Neuroeng Rehabil. 2014;11:92. 

 



24 

 

Table 1. Characteristics of individual patient 
Pt S Age 

(yr) 
Height 
(cm) 

Weight 
(kg) 

Diagnosis Side of 
paresis 

Period BRS FAC Gait assistance 
aid  

Gait 
orthosis 

1 M 71 166.0 66.0 CI Left 72 Ⅴ 4 A cane AFO 
2 F 53 153.5 49.4 ICH Right 53 Ⅲ 4 A cane AFO 
3 M 68 163.4 69.6 CI Left  144 Ⅵ 4 None None 
4 F 72 153.7 57.6 CI Left 84 Ⅵ 5 None None 
5 M 21 170.2 51.5 ICH Right 13 Ⅴ 4 A cane AFO 
6 F 33 166.7 63.4 ICH Right 43 Ⅴ 4 A cane AFO 
7 M 81 158.0 59.4 CI Right 24 Ⅳ 4 A cane AFO 
8 M 69 166.2 57.1 CI Right 104 Ⅲ 4 A cane AFO 
9 M 68 156.3 56.4 ICH Left 10 Ⅲ 4 A quad-cane AFO 
10 M 53 165.3 72.6 ICH Left 52 Ⅱ 3 A quad-cane AFO 
11 F 60 156.8 59.5 ICH Right 43 Ⅲ 3 A quad-cane AFO 

Pt: Patient number, S: Sex 
M: Male, F: Female, CI: Cerebral infarction, ICH: Intracerebral hemorrhage 
Period: Period from onset (months) 
BRS: Brunnstrom recovery stage 
FAC: Functional Ambulation Category (0–5 score range) 
AFO: Ankle-foot orthosis 
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Table 2. The changes of gait function, gait cycle, and time asymmetry index 
 Pre Post p value SW test Effect size (95%CI) 

Gait speed (m/s) * 0.52 ± 0.32 0.66 ± 0.42 < .01 > .05 0.39 (-0.45 – 1.23) 

Stride length (m) * 0.72 ± 0.31 0.82 ± 0.34 < .01 > .05 0.29 (-0.55 – 1.13) 

Cadence (step/min) * 82.6 ± 28.4 91.3 ± 33.5 .01 > .05 0.29 (-0.55 – 1.13) 

Gait cycle          

Total time (sec) 1.60 ± 0.49 1.55 ± 0.55 .35 > .05 -0.10 (-0.94 – 0.74) 

  DLS (AI) (%) * 15.8 ± 3.46 13.3 ± 4.20 .01 < .05 - 0.63 (-1.49 – 0.23) 

SLS (A) (%) * 21.8 ± 7.02 24.5 ± 7.95 < .01 < .05 0.35 (-0.49 – 1.19) 

DLS (UI) (%) 28.0 ± 15.5 27.4 ± 17.4 .63 < .05 - 0.04 (-0.87 – 0.80) 

SLS (U) (%) 34.3 ± 10.1 34.7 ± 10.6 .66 < .05 0.04 (-0.80 – 0.88) 

Time asymmetry index 22.9 ± 11.8 17.6 ± 9.62 .06 < .05 - 0.49 (-1.34 – 0.35) 

* significant difference between pre- and post-training (p < 0.05) 
SW test: Shapiro-Wilk test 
DLS (AI): Affected initial double limb stance phases 
SLS (A): Affected single limb stance phase 
DLS (UI): Unaffected initial double limb stance phases 
SLS (U): Unaffected single limb stance phase 
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Figure legends 
 
Figure 1. The command of the HAL 
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Figure 2. Gait cycle definition 

 
TO: Toe off  
HC: Heel contact 
DLS (AI): Affected initial double-limb stance phases 
SLS (A): Affected single-limb stance phase 
DLS (UI): Unaffected initial double-limb stance phases 
SLS (U): Unaffected single limb-stance phase 
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Figure 3. Individual improvement of gait speed 

 
Pt: Patient 
Average: Average of all patients 
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