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Abstract
Background
Aging societies lead to higher demand for gait rehabilitation as age-related neurological disorders such as stroke and spinal cord injury increase. Since conventional methods for gait rehabilitation are physically and economically burdensome, robotic gait training systems have been studied and commercialized, many of which provided movements confined in the sagittal plane. For better outcomes of gait rehabilitation with more natural gait patterns, however, it is desirable to provide pelvic movements in the transverse plane. In this study, a robotic gait training system capable of pelvic motions in the transverse plane was used to evaluate the effect of the pelvic motions on stroke patients.

Method
Healbot T, which is a robotic gait training system and capable of providing pelvic movements in the transverse plane as well as flexion/extension of the hip and knee joints and adduction/abduction of the hip joints, is introduced and used to evaluate the effect of the pelvic movement on gait training of stroke patients. Gait trainings in Healbot T with and without pelvic movements are carried out with stroke patients having hemiparesis.

Experiment
Twenty-four stroke patients with hemiparesis were randomly assigned into two groups and 23 of them successfully completed the experiment except one subject who had dropped out due to personal reasons. Pelvis-on group was provided with pelvic motions whereas no pelvic movement was allowed for pelvis-off group during 10 sessions of gait trainings in Healbot T. Electromyography (EMG) signals and interaction forces as well as the joint angles of the robot were measured. Gait parameters such as stride length, cadence, and walking speed were measured while walking on the ground without assistance of Healbot T after gait training on 1st, 5th, and 10th day.

Result
Stride length significantly increased in both groups. Furthermore, cadence and walking speed of the pelvis-on group were increased by 10.6% and 11.8%. Although interaction forces of both groups except the thighs showed no differences, EMG signals from gluteus medius of the pelvis-on group increased by 88.6% during stance phase. In addition, EMG signals of biceps femoris, gastrocnemius medial, and gastrocnemius lateral of the pelvis-on group increased whereas EMG signals of the pelvis-off group except gastrocnemius lateral showed no difference after gait trainings.

Conclusion
Gait training using a robotic gait training system with pelvic movements was conducted to investigate the effects of lateral and rotational pelvic movements in gait training of stroke patients. The pelvic movements affected to increase voluntary muscle activation during the stance phase as well as cadence and walking speed.
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Introduction
As society is getting aged, the number of stroke patients is increasing [1]. By 2030, 70 million stroke patients and 12 million deaths by stroke in the world are anticipated [2, 3]. As a consequence, increased number of stroke patients have suffered from loss of gait function, which is essential for activities of daily living (ADL’s) [4].
Conventional therapies to recover the gait function impose physical load to the therapists as well as economical burden to the patients. In addition, the outcomes of gait training are often limited by inaccurate gait patterns and incorrect assessment of the patients [5, 6]. In order to reduce the burdens, robotic gait training systems have been studied and used [7, 8]. These robotic gait training systems effectively increased the time and intensity of training, which is crucial for better rehabilitation outcomes. Despite the increased time and intensity of training, however, reduced muscle activation was observed if the subjects remained completely passive in those gait training systems [9]. In order to overcome this drawback, several research activities have improved not only by control but also through modification of existing devices or creation of new devices to increase the level of participation of the patients by giving the patients a certain amount of freedom to change trajectories of the gait training systems [10–14].
Further improvements have been made to include pelvic movements in the transverse plane, which were excluded in the early designs due to higher complexity and costs to build the gait training systems. However, since lateral and rotational pelvic movements, which are two of the six determinants of walking [15], are responsible for balancing and weight-shifting during walking and increasing stride length [16–18], it is natural to include those movements for better gait training. Therefore, the lateral and rotational pelvic movements have been added in recently developed robotic gait training systems. Banala et al. added passive joints to a gait training system to allow lateral and rotational pelvic movements [19]. The passive joints including the ones allowing lateral and rotational movements in the transverse plane were held with springs to allow pelvic movements during gait training. In other cases, series elastic actuators were used to actuate an exoskeleton capable of providing translational and lateral movements in the transverse plane as well as joint rotation in the sagittal plane [20–22]. The experiments involving healthy subjects in these systems showed similar muscle activation compared to treadmill walking. However, the effects of the pelvic movements were not studied in depth. FreeD, which was an optional module to allow pelvic movements, was added to the Lokomat to accommodate more physiological gait patterns [18, 23, 24]. When compared to the case without the module, less compensatory movements of the trunk were observed when the pelvic motion was added. Hence, more natural gait patterns were obtained during training with less compensatory movement of the trunk.
In this study, Healbot T, which is a gait training system capable of providing pelvic movements, is introduced. The concept and feasibility of Healbot T was introduced in the previous studies and the effect of the pelvic movements on healthy people using a gait training system called COWALK-I was presented in [25, 26]. Healbot T, which was developed and improved from COWALK-I, was used to study the effect of pelvic movements during gait training of stroke patients with hemiparesis. The patients were randomly divided into two groups and asked to walk in Healbot T. During gait trainings, one group was provided with pelvic movements whereas the other group walked without pelvic movements. The group with pelvic motions showed increased muscle activation during the stance phase while interaction forces at the pelvis showed no significant difference. Stride length in both groups increased whereas cadence and walking speed of the pelvis-on group increased by 10.6% and 11.8%.
Healbot T
Healbot T is a gait training system designed for patients with stroke. It consists of an exoskeleton robot, a body weight support (BWS) system, a gravity compensator, and footplates, see Fig. 1.[image: ../images/12984_2021_964_Fig1_HTML.png]
Fig. 1a Designed Healbot T. Healbot T consists of a lower limb exoskeleton robot with 9 active DoF and 1 passive DoF, a BWS system, a gravity compensator, and foot plates. b Schematics of Healbot T, which has 9 active joints and 1 passive joint for vertical displacement


The exoskeleton robot is designed to provide pelvic movements. It has 9 active joints, which are three prismatic joints for translational and rotational movements in the transverse plane and six rotational joints for adduction/abduction at the hip joint and extension/flexion of the hip and knee joints, and 1 passive joint for vertical displacement. For the rotational joints, six identical BLDC motors (K064050-EY2, Parker) with harmonic gear reducers (SHG-20-100-2SO, HDS) are used. Three prismatic joints are actuated with three identical BLDC motors (K089200-7Y2, Parker) with lead-screws to generate lateral, forward, and rotational pelvic movements in the transverse plane. Positions of the actuated joints are measured using absolute encoders (EQI-1131, Heidenhain) attached to the shaft of the motors.[image: ../images/12984_2021_964_Fig2_HTML.png]
Fig. 2Pelvic movement generated with three prismatic joints a Lateral movement, b forward movement, c rotational movement


Pelvic movements in the transverse plane are generated using three prismatic joints. Lateral movement is generated by the prismatic joint in the center of the exoskeleton. Forward and rotational movements are produced by the prismatic joints at both sides. See Fig. 2.
The braces for securing the patients are located at the pelvis, thighs and calves of the exoskeleton. Force sensors (UMM31-K100, Dacell) are installed between the exoskeleton and the braces to measure the interaction forces. The footplates are synchronized to the horizontal position of the patients. In order to ensure safety, each joint angle is kept within a preset range of motion by mechanical and programmable limits.
The BWS system is designed for supporting the subjects having difficulty in controlling their trunk positions. The BWS system consists of an actuator module, a winch, and a transfer module as shown in Fig. 1.
Since the weight of the exoskeleton imposes physical burden to the subjects wearing the exoskeleton robot and adverse effect on the gait [27], a gravity compensator is designed to support the weight of the exoskeleton. The weight of the exoskeleton is supported by linear springs instead of counter masses to reduce the inertial effect on the exoskeleton. Using a 4-bar linkages and cable, the supporting force generated by the springs remains constant regardless of the position of the exoskeleton.
Method
This study was a randomized [1:1], single-blind, parallel-group study conducted at Asan Medical Center (AMC) in Seoul, South Korea from December 2018 to June 2019. The study was approved by the Asan Medical Center Institutional Review Board (IRB, No. 2018-1254).
Participants
The minimum number of subjects needed for statistical analysis was determined to be 10 for each group. Considering the drop-out rate, 24 stroke patients were recruited. All participants were informed of the study objectives and procedures prior to signing an informed consent form. The inclusion criteria were: (1) Adult who is over 19 years old; (2) Being able to board the Healbot T; (3) Functional Ambulation Category (FAC) is higher than or equal to 2 (0 = Patient cannot walk, 5 = Patient can walk independently anywhere); (4) Being able to walk independently before onset. The exclusion criteria were: (1) Difficulties in communication due to serious cognitive or speech disorders; (2) Limited range of motion; (3) Ulcers that have bedsores, skin diseases, wounds or unhealed ulcers at the area touching cuff or harness; (4) Uncontrolled hypertension or orthostatic hypotension; (5) Inability to tolerate robot walking due to cardiovascular disease, heart failure, malignant disease, lung disease, nervous system disease, diabetes, etc; (6) Severe osteoporosis; (7) Severe deformity or pain in the legs; (8) Severe mental illness, neuropathy or being significantly less cooperative; (9) Pregnancy; (10) Severe stiffness over Modified Ashworth Scale 3 (0 = No increase in muscle tone, 4 = Affected side(s) rigid flexion or extension); (11) Tremor; (12) Weight is more than 100 kg; (13) Height is less than 150 cm or more than 185 cm; (14) Participated in a rehabilitation robot study for stroke within 30 days; (15) In addition, if the researchers determine that participation in this study is inappropriate. (e.g., the participant’s disobeying to the instructions given by the researchers.)
Detailed information on the subjects is listed in Table 1. Independent T-test (2-side) revealed that there were no statistical differences in weight, age, duration of onset, and FAC between both groups. However, the height of the pelvis-on group is greater than the pelvis-off group ([image: $$\hbox {p}&lt;0.05$$]).Table 1Participant information


	 	Age
	Gender
	Weight
	[image: $$\hbox {Height}^{*}$$]
	Affected
	Stroke
	Onset
	FAC
	Note

	(y)
	(kg)
	(cm)
	side
	etiology
	(y)

	Pelvis-off
	64
	F
	59
	150
	L
	Infarction
	13
	5
	 
	(N = 12)
	84
	M
	66
	167
	L
	Hemorrhage
	2
	2
	DO

	57
	F
	73
	170
	R
	Hemorrhage
	15
	4
	 
	55
	F
	77
	155
	L
	Infarction
	16
	4
	 
	74
	M
	62
	160
	L
	Infarction
	7
	3
	 
	72
	M
	66
	165
	R
	Hemorrhage
	14
	4
	 
	65
	F
	60
	160
	R
	Infarction
	11
	4
	 
	56
	M
	80
	167
	L
	Infarction
	17
	3
	 
	65
	F
	58
	151
	L
	Infarction
	11
	5
	 
	65
	F
	52
	150
	R
	Hemorrhage
	18
	4
	 
	67
	M
	68
	153
	L
	Infarction
	24
	4
	 
	62
	F
	58
	157
	R
	Hemorrhage
	8
	4
	 
	Pelvis-on
	55
	M
	77
	180
	R
	Infarction
	7
	6
	 
	(N = 12)
	66
	M
	73
	165
	L
	Infarction
	19
	4
	 
	65
	M
	59
	165
	L
	Infarction
	6
	6
	 
	62
	M
	65
	164
	L
	Hemorrhage
	6
	6
	 
	57
	M
	72
	165
	R
	Infarction
	13
	6
	 
	63
	M
	62
	166
	R
	Infarction
	30
	4
	 
	71
	M
	71
	164
	L
	Infarction
	23
	4
	 
	53
	M
	65
	164
	R
	Hemorrhage
	9
	4
	 
	65
	M
	66
	167
	R
	Infarction
	14
	5
	 
	75
	M
	79
	172
	R
	Infarction
	6
	4
	 
	81
	F
	52
	150
	L
	Infarction
	24
	3
	 
	62
	M
	77
	166
	R
	Hemorrhage
	13
	3
	 

DO stands for drop-out. [image: $$^{*}$$] indicates significant difference between two groups with [image: $$p&lt;0.05$$]



Protocol
Subjects with hemiparesis from stroke visited AMC 10 times within one month. During a visit, subjects were asked to walk in Healbot T. Figure 3 shows a subject in the Healbot T during a gait training.[image: ../images/12984_2021_964_Fig3_HTML.png]
Fig. 3Subject in the Healbot T during training


The subjects were randomly assigned into two groups, which were pelvis-off and pelvis-on groups. For allocation of the subjects, a random sequence was generated by a computer using SAS (Ver. 9.4, SAS Institute). The random sequence type was set as blocked randomization with groups of the same size. For the pelvis-off group, pelvic movements in the transverse plane were not allowed during gait trainings, whereas translational and rotational pelvic movements in the transverse plane were provided for the pelvis-on group. The data analyst was kept blind to the interventions of the subjects. Although the subjects were not informed to which group they were assigned, some of the subjects might have noticed the differences in pelvic movements provided by Healbot T during training.
Prior to the gait trainings, the length of the body segments of each subject was measured and used to adjust the length of the corresponding link of the exoskeleton. Each training session lasted 30 minutes, during which the subjects walked in Healbot T. The exoskeleton was attached to the subjects using braces and straps at the pelvis, thighs, and calves. If necessary, the BWS system was used to support the weight of the subjects. Predefined trajectories, which were collected from a healthy person on a treadmill prior to this experiment, were used to control the exoskeleton. Note that the trajectories of the pelvic joints for the pelvis-off group were set to be constant. At the beginning of each session, preferred walking speeds were selected by the subjects. In order to select the preferred walking speed, while walking in Healbot T at the initial walking speed of 0.5 km/h, the subjects verbally expressed their wish to increase or decrease the walking speed, to which the operator set the walking speed of Healbot T, until they found a comfortable speed.
Interaction forces between the subjects and the exoskeleton were measured using force sensors (UMM31-K100, Dacell) installed at the braces during the trainings. Muscle activation of the gluteus medius (Gmed), rectus femoris (RF), tibialis anterior (TA), biceps femoris (BF), gastrocnemius medial (GCM-M), gastrocnemius lateral (GCM-L) muscles of both sides were measured using EMG sensors (Trigino, Delsys) during the trainings in Healbot T on the 1st, 5th, and 10th day. Two custom-made foot pressure sensors using force sensitive resisters (FSR-402, Interlink) were attached beneath each sole to determine the gait phase. See Fig. 4 for the locations of the sensors. Gait parameters such as stride length, cadence, and walking speed were measured using OptoGait (Microgate) on the 1st, 5th, and 10th day after the trainings followed by a 20-min cool-down period.[image: ../images/12984_2021_964_Fig4_HTML.png]
Fig. 4Locations of sensors. 6 force sensors are at the pelvis, thigh, and calf of each side. 12 EMG sensors are at the gluteus medius, rectus femoris, biceps femoris, tibialis anterior, gastrocnemius medial, gastrocnemius lateral. 2 pressure sensors are beneath each foot


Result
The subjects were recruited from 7 December 2018 to 18 June 2019. Eligible participants were randomly assigned to the pelvis-off ([image: $$\hbox {n}=12$$]) and pelvis-on ([image: $$\hbox {n}=12$$]) groups. The subjects visited AMC 10 times within one-month after random assignment. After the 4th day, however, one subject in the pelvis-off group had dropped out because of personal reasons. No unintended effects were reported during the experiment.
Statistical analysis
Due to one drop-out from the pelvis-off group, data from 11 subjects were available whereas data from 12 subjects of the pelvis-on group were used for analysis. Normality of the measured data, which were the interaction forces and EMG signals data averaged over steps, self-selected walking speed, and gait parameters, were checked using Shapiro-Wilk test. One-way Repeated Measured (RM) ANOVA was used for longitudinal study on data collected on 1st, 5th and 10th day with significance level set to be [image: $$p &lt; 0.05$$] and denoted by * mark. For multiple comparison, Bonferroni correction was used and significant differences are denoted by a (1st vs 5th day), b (5th vs 10th day), and c (1st vs 10th day) with [image: $$p&lt;0.01667$$]. Independent T-test (2-side) was used for comparison of both groups. Significance level of independent T-test (2-side) was set to be [image: $$p &lt; 0.05$$] and denoted by [image: $$^+$$] mark.
Self-selected speed
The measured self-selected walking speeds on 1st, 5th, and 10th day are shown in Fig. 5. The walking speeds have no significant differences between two groups. However, each group exhibited increased self-selected walking speed as training progressed. A pairwise comparison with Bonferroni adjustment revealed a significant increase in all data pairs (1st and 5th day with [image: $$\hbox {p} = 0.00023$$], 5th and 10th day with [image: $$\hbox {p} = 0.00015$$], 1st and 10th day with [image: $$\hbox {p} &lt; 0.00001$$]) of the pelvis-off group and the data pair of 1st and 5th day ([image: $$\hbox {p} = 0.0008$$]) and 1st and 10th day ([image: $$\hbox {p} = 0.00005$$]) of the pelvis-on group.[image: ../images/12984_2021_964_Fig5_HTML.png]
Fig. 5The self-selected speed of both groups. The bar graphs represent mean of self-selected speed in both groups. The error bars represent standard deviation of self-selected speed in both groups. One-way RM ANOVA result: *([image: $$\hbox {p}&lt;0.05$$]). Bonferroni correction: a (1st and 5th), b (5th and 10th), c (1st and 10th)


Interaction force
The interaction forces were measured using the force sensors installed on the braces at pelvis, thighs, and calves as shown in Fig. 4. Note that two force sensors were required to measure the interaction force at the pelvis since unilateral force (i.e. pushing against the sensor) was applied to the sensors. Therefore, the net interaction forces were calculated as [image: $$f_{\mathrm{{pelvis}}} = f_{\mathrm{{A}}} + f_{\mathrm{{U}}}$$], where [image: $$f_{\mathrm{{A}}}$$] represented the interaction force at the affected side (A) of the pelvis and [image: $$f_{\mathrm{{U}}}$$] denoted the interaction force at the unaffected side (U).[image: ../images/12984_2021_964_Fig6_HTML.png]
Fig. 6Measured interaction forces. The bar graphs represent mean of interaction force in both groups. The error bars represent standard deviation of interaction forces in both groups. One-way RM ANOVA result: *([image: $$\hbox {p}&lt;0.05$$]). Bonferroni correction: a (1st and 5th), b (5th and 10th), c (1st and 10th)


Mean of interaction forces were obtained by averaging interaction forces of each subject, which were averaged over gait cycles. The interaction forces are shown in Fig. 6. No significant change in interaction forces of the both groups was found except for the thigh in the affected side of the pelvis-off group and the thigh in the unaffected side of the pelvis-off group. When Bonferroni correction was used for multi-comparison, the interaction force at the thigh in the affected side of the pelvis-off group decreased by 93.3% from 1st to 10th day (p = 0.01432) and that of the thigh in the unaffected side of the pelvis-on group decreased by 79.0% from 1st to 10th day (p = 0.00698). Positive interaction forces at the pelvis indicated that the patients leaned toward the affected side, which were observed in both groups.
EMG signal
The measured EMG signals were filtered with a band pass filter with pass band frequencies of [image: $$20\sim 500$$] Hz, rectified, and normalized by their maximum values. Mean of EMG was calculated by averaging the EMG signals of each subject, which were obtained by averaging measured EMG signals over gait cycles.[image: ../images/12984_2021_964_Fig7_HTML.png]
Fig. 7Normalized EMG records of Gmed on the affected side of both groups are at the top. Vertical dashed lines indicate the toe-off. The EMG records during different gait phases are at the bottom. The error bars represent standard deviation of EMG signal. One-way RM ANOVA result: *([image: $$\hbox {p}&lt;0.05$$]). Bonferroni correction: a (1st and 5th), b (5th and 10th) and c (1st and 10th). Independent T-test (2-side) result: [image: $$^{+}$$] ([image: $$\hbox {p}&lt;0.05$$])


As shown in Fig. 7, there is no significant difference in EMG signals between both of the groups on the 1st day. However, the mean EMG signals of the pelvis-on group increased by 46.8% on the last day of training. Multiple comparison with Bonferroni correction showed 88.5% increase in the Gmed EMG signal during the stance phase from 1st to 10th day (p = 0.00384) and 86.5% increase between 5th and 10th day (p = 0.00373) in the pelvis-on group. EMG signal of gluteus medius during the stance phase in the pelvis-on group were greater than the pelvis-off group at 10th day.
The mean EMG signals of 3 other muscles in the affected side of the pelvis-on group, which were BF, GCM-L and GCM-M, increased by 51.9% ([image: $$\hbox {p}&lt;0.05$$]), 65.3% ([image: $$\hbox {p}&lt;0.05$$]) and 135.7% ([image: $$\hbox {p}&lt;0.05$$]) during the experiment as shown in Fig. 8. In the pelvis-off group, the EMG signal of GCM-L increased by 64.4% ([image: $$\hbox {p}&lt;0.05$$]) on the 10th day.[image: ../images/12984_2021_964_Fig8_HTML.png]
Fig. 8Averaged EMG signals of the 6 muscles on the affected sides of both groups. Top is the EMG signals of the pelvis-off group and bottom is the EMG signal of the pelvis-on group. One-way RM ANOVA result: *([image: $$\hbox {p}&lt;0.05$$])


Gait parameters
Figure 9 shows the measured gait parameters which were stride length, cadence and walking speed. In order to measure the gait parameters, the patient independently walked on the ground without Healbot T while measuring the gait parameters using OptoGait. Stride length of both pelvis-off and pelvis-on group increased by 16.5% and 3.3%, respectively. Furthermore, cadence and walking speed of the pelvis-on group showed 10.6% and 11.8% increases.[image: ../images/12984_2021_964_Fig9_HTML.png]
Fig. 9Measured gait parameters. Red and blue bars represent the pelvis-off group and the pelvis-on group. Error bars showed standard deviation. One-way RM ANOVA result: *([image: $$\hbox {p}&lt;0.05$$])


Discussion
The effect of pelvic movements during gait training was investigated. In order to provide gait patterns including pelvic movements, a robotic gait training system, which was called Healbot T and capable of pelvic movements, was developed. 24 subjects, one of whom had dropped out due to personal reasons, participated in the experiment and were randomly assigned into two groups. The pelvis-on group was provided with pelvic movements whereas no pelvic movement was given to the pelvis-off group during gait trainings in Healbot T.
It was hypothesized that since one of the reasons for the interaction forces was the limited degrees of freedom of the exoskeleton, constrained pelvic movements imposed by the exoskeleton resulted in higher interaction forces at the pelvis. Therefore, the rotational and lateral pelvic movements contributed to reduce the interaction forces as reported in [28]. However, no significant difference of interaction forces was measured between the pelvis-on and pelvis-off group. Therefore, it was not clearly shown that lateral and rotation pelvic movement contribute to reduction of interaction forces. Positive values of the interaction forces indicated that both group leaned toward affected sides, which might be the result of poor trunk control during the trainings.
Muscle activation of gluteus medius (Gmed) in Fig. 7 showed no significant difference between 1st and 10th days in the pelvis-off group whereas the pelvis-on group showed increased muscle activation, which was not consistent with what was reported in the previous study [24]. The difference might be caused by the trajectories with larger lateral displacement provided by the exoskeleton. In the pelvis-off group, Gmed muscles were activated around toe-off, which was not observed in the experiments with healthy subjects [21, 22, 24, 29] but consistent with the experiments with stroke patients by van Kamman [30]. The muscle activation around toe-off of the swing leg might occur due to the effort to create the circumduction, which was often observed in the gait patterns of the stroke patients or weight shifting during the double stance phase since Gmed contributes to weight shifting [31].
No significant difference in Gmed muscle activation in the pelvis-off group was observed whereas increased muscle activation in the pelvis-on group were found during the stance phase, which is consistent with what was reported [29, 30, 32]. This implies that the muscle activation occurred due to voluntary balancing and weight bearing during the stance phase. Therefore, it is important to have lateral pelvic movements in gait training to improve balancing and weight shifting since Gmed muscles take a critical role in balancing and weight shifting during walking [33].
In the previous research by Hidler and Wall [29], increased activation in quadriceps muscles such as rectus femoris and gluteus muscle groups and decreased activation in gastrocnemius and tibialis anterior muscles were reported. However, in this study, RF and TA muscles of both groups showed no significant changes whereas other muscles except RF and TA showed increased activation in the pelvis-on group as shown in Fig. 8. Since increased EMG signals indicates more voluntary muscle activation [34], increased muscle activation of the pelvis-on group implies voluntary muscle activation to support body weight with the affected leg during the trainings with pelvic motions.
Increased stride length of both groups and cadence of the pelvis-on group are partially consistent with Veneman [35] who reported increased step length and decreased cadence of walking with fixed pelvis. The discrepancies might come from the fact that the walking speed was fixed in [35] whereas the walking speed in this study was self-selected.
The findings in this study suffer from small number of the subjects, although the experimental results showed positive effects of the pelvic movements during gait training. Since this study was designed as preliminary clinical test, the experiment was carried out with small number of the subjects. Confirmatory clinical trial is planned in the future with a larger number of subjects.
Although the gait parameters measured 20-minute after gait training on 1st, 5th, and 10th day exhibited increased stride length in both groups as well as increased cadence and walking speed in the pelvis-on group, it is not clear if the gait training has long-term effects on the functionality of the participants. Furthermore, the trajectories used in the training was obtained from a person without hemiparesis. It was not clear if it was optimal to use the unimpaired gait patterns in the training for maximum retention of the effect of the trainings.
Conclusion
A robotic gait training system capable of providing pelvic movement, which was called Healbot T, was developed. The effects of translational and rotational pelvic movements on gait training of stroke patients were studied using Healbot T. 23 out of 24 subjects successfully finished the experiment. The subjects were randomly assigned into pelvis-off and pelvis-on groups. The pelvis-off group was trained without pelvic movements while the pelvis-on group was provided with the pelvic movements during gait training using Healbot T. No subject experiencing any adverse event was reported in this study. Although no significant difference of interaction force of pelvis was observed in the both group, muscle activation of Gmed as well as BF, GCM-M and GCM-L muscles increased in the pelvis-on group. These results indicated that the pelvic motions provided by Healbot T induced voluntary muscle activation of the subjects for weight bearing. Recovering of weight bearing ability in the pelvis-on group is considered to improve gait parameter such as cadence and walking speed. Assistance of pelvic movement by Healbot T shows potential to recovery patient’s walking.
Author Contributions
C. S. conducted the experiment and drafted the manuscript. A. L. conducted the experiment. D. K. designed the experiment and performed statistical analysis. J. L. analyzed the data, examined the participants, and enrolled the subjects, M. C. designed the experiment, generated the random allocation sequence, and assigned participants to interventions. S. K. designed the apparatus and experiment, J. C. conceived and managed the project and finalized the manuscript. All authors reviewed the manuscript.

Funding
This work was supported by the Korea Institute of Science and Technology (KIST) Institutional Program (Project No. 2E31110), a Grant (2018-314) from the Asan Institute for Life Sciences, Asan Medical Center, Seoul, Korea, and the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (Grant No. 2020R1A2B5B01002395), and the National Research Foundation of Korea (NRF) funded by the Ministry of Education (Grant No. NRF-2020S1A5A2A03044672).

Availability of data and materials
The datasets used and analyzed in the manuscript are available from the corresponding author on reasonable request (Email: junhochoi@kist.re.kr).

Declarations
Ethics approval and consent to participate
All subjects have given a written consent to use of their data and information in this study. The protocol and process for this study was approved by Institutional Review Board (IRB) of Asan Medical Center (Register number: 2018-1254). In addition, this study was enrolled to Clinical Research Information Service (CRIS, Register number KCT0003762) in South Korea. This study was approved on 10 Oct, 2018. The experiment was conducted from 14 December 2018.

Consent for publication
All subjects and authors have consented for this publication.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW, Carson AP, Chamberlain AM, Chang AR, Cheng S, Das SR, Delling FN, Djousse L, Elkind MSV, Ferguson JF, Fornage M, Jordan LC, Khan SS, Kissela BM, Knutson KL, Kwan TW, Lackland DT, Lewis TT, Lichtman JH, Longenecker CT, Loop MS, Lutsey PL, Martin SS, Matsushita K, Moran AE, Mussolino ME, O’Flaherty M, Pandey A, Perak AM, Rosamond WD, Roth GA, Sampson UKA, Satou GM, Schroeder EB, Shah SH, Spartano NL, Stokes A, Tirschwell DL, Tsao CW, Turakhia MP, VanWagner LB, Wilkins JT, Wong SS, Virani SS. On behalf of the American Heart Association Council on Epidemiology and Prevention Statistics Committee and Stroke Statistics Subcommittee: Heart disease and stroke statistics-2019 update: a report from the american heart association. Circulation. 2019;139(10):56–528. https://​doi.​org/​10.​1161/​CIR.​0000000000000659​.Crossref

	2.
Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M, Bennett DA, Moran AE, Sacco RL, Anderson L, Truelsen T, et al. Global and regional burden of stroke during 1990–2010: findings from the global burden of disease study 2010. Lancet. 2014;383(9913):245–55.Crossref

	3.
Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer R. Estimating the prevalence of limb loss in the united states: 2005 to 2050. Arch Phys Med Rehabil. 2008;89(3):422–9.Crossref

	4.
Richards CL, Malouin F, Wood-Dauphinee S, Williams J, Bouchard J-P, Brunet D. Task-specific physical therapy for optimization of gait recovery in acute stroke patients. Arch Phys Med Rehabil. 1993;74(6):612–20.Crossref

	5.
Chen B, Ma H, Qin L-Y, Gao F, Chan K-M, Law S-W, Qin L, Liao W-H. Recent developments and challenges of lower extremity exoskeletons. J Orthop Transl. 2016;5:26–37.

	6.
Viteckova S, Kutilek P, Jirina M. Wearable lower limb robotics: a review. Biocybern Biomed Eng. 2013;33(2):96–105.Crossref

	7.
Colombo G, Joerg M, Schreier R, Dietz V. Treadmill training of paraplegic patients using a robotic orthosis. J Rehabil Res Dev. 2000;37:693–700.PubMed

	8.
Fisher S, Lucas L, Adam Thrasher T. Robot-assisted gait training for patients with hemiparesis due to stroke. Top Stroke Rehabil. 2011;18(3):269–76.Crossref

	9.
Israel JF, Campbell DD, Kahn JH, Hornby TG. Metabolic costs and muscle activity patterns during robotic- and therapist-assisted treadmill walking in individuals with incomplete spinal cord injury. Phys Ther. 2006;86(11):1466–78.Crossref

	10.
Duschau-Wicke A, von Zitzewitz J, Caprez A, Lünenburger L, Riener R. Path control: a method for patient-cooperative robot-aided gait rehabilitation. IEEE Trans Neural Syst Rehabil Eng. 2010;18(1):38–48.Crossref

	11.
Banala SK, Kim SH, Agrawal SK, Scholz JP. Robot assisted gait training with active leg exoskeleton (ALEX). IEEE Trans Neural Syst Rehabil Eng. 2009;17(1):2–8.Crossref

	12.
Pennycott A, Wyss D, Vallery H, Klamroth-Marganska V, Riener R. Towards more effective robotic gait training for stroke rehabilitation: a review. J Neuroeng Rehabil. 2012;9:65.Crossref

	13.
Vallery H, Lutz P, von Zitzewitz J, Rauter G, Fritschi M, Everarts C, Ronsse R, Curt A, Bolliger M. Multidirectional transparent support for overground gait training. In: IEEE International Conference on Rehabilitation Robotics. pp 1–7; 2013

	14.
Waeber A, Gerig N, Baur K, Vallery H, Lutz P, Riener R, Curt A, Bolliger M, Rauter G. Guidance in the nullspace reduces task difficutly in robot-assisted coordination training. In: IEEE International Conference on Rehabilitation Robotics; 2015. pp. 642–647.

	15.
Saunders JBM, Inman VT, Eberhart HD. The major determinants in normal and pathological gait. J Bone Joint Surg. 1953;35(3):543–58.Crossref

	16.
Mun K-R, Guo Z, Yu H. Restriction of pelvic lateral and rotational motions alters lower limb kinematics and muscle activation pattern during over-ground walking. Med Biol Eng Comput. 2016;54(11):1621–9.Crossref

	17.
Wu M, Kim J, Arora P, Gaebler-Spira DJ, Zhang Y. The effects of the integration of dynamic weight shifting training into treadmill training on walking function of children with cerebral palsy: A randomized controlled study. Am J Phys Med Rehabil. 2017;96(11):765–72.Crossref

	18.
Wyss D, Pennycott A, Bartenbach V, Riener R, Vallery H. A MUltidimensional Compliant Decoupled Actuator (MUCDA) for pelvic support during gait. IEEE/ASME Trans Mechatron. 2019;24(1):164–74.Crossref

	19.
Banala SK, Agrawal SK, Scholz JP. Active leg exoskeleton (ALEX) for gait rehabilitation of motor-impaired patients. In: IEEE International Conference on Rehabilitation Robotics, IEEE; 2007. pp. 401–407.

	20.
Veneman JF, Ekkelenkamp R, Kruidhof R, van der Helm FCT, van der Kooij H. A series elastic- and Bowden-cable-based actuation system for use as a torque actuator in exoskeleton-type robots. Int J Robot Res. 2006;25(3):261–81.Crossref

	21.
Veneman JF, Kruidhof R, Hekman EEG, Ekkelenkamp R, Van Asseldonk EHF, van der Kooij H. Design and evaluation of the LOPES exoskeleton robot for interactive gait rehabilitation. IEEE Trans Neural Syst Rehabil Eng. 2007;15(3):379–86.Crossref

	22.
van Asseldonk EHF, Veneman JF, Ekkelenkamp R, Buurke JH, van der Helm FCT, van der Kooij H. The effects on kinematics and muscle activity of walking in a robotic gait trainer during zero-force control. IEEE Trans Neural Syst Rehabil Eng. 2008;16(4):360–70. https://​doi.​org/​10.​1109/​TNSRE.​2008.​925074.CrossrefPubMed

	23.
Aurich-Schuler T, Grob F, van Hedel HA, Labruyère R. Can lokomat therapy with children and adolescents be improved? an adaptive clinical pilot trial comparing guidance force, path control, and FreeD. J Neuroeng Rehabil. 2017;14(1):76.Crossref

	24.
Aurich-Schuler T, Gut A, Labruyère R. The FreeD module for the lokomat facilitates a physiological movement pattern in healthy people-a proof of concept study. J Neuroeng Rehabil. 2019;16(1):26.Crossref

	25.
Jung C-Y, Choi J, Park S, Lee JM, Kim C, Kim S-J. Design and control of an exoskeleton system for gait rehabilitation capable of natural pelvic movement. In: Proceedings of the IEEE/RSJ International Conference on Intelligent Systems and Robots, Chicago, Il., USA; 2014. pp. 2095–2100.

	26.
Son C, Moon H, Kim D, Chun MH, Kim S, Choi J. Effect of pelvic movement on healthy subjects during gait training using a gait rehabilitation system. In: Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Honolulu, HI., USA; 2018. pp. 2475–2478.

	27.
Jin X, Cai Y, Prado A, Agrawal SK. Effects of exoskeleton weight and inertia on human walking. Proceedings of IEEE International Conference on Robotics and Automation. 2017:1772–7. https://​doi.​org/​10.​1109/​ICRA.​2017.​7989210.

	28.
Alingh JF, Weerdesteyn V, Nienhuis B, van Asseldonk EHF, Geurts ACH, Groen BE. Immediate after-effects of robot-assisted gait with pelvic support or pelvic constraint on overground walking in healthy subjects. J Neuroeng Rehabil. 2019;16:40.Crossref

	29.
Hidler JM, Wall AE. Alterations in muscle activation patterns during robotic-assisted walking. Clin Biomech. 2005;20(2):184–93.Crossref

	30.
van Kammen K, Boonstra AM, van der Woude LHV, Visscher C, Reinders-Messelink HA, den Otter R. Lokomat guided gait in hemiparetic stroke patients: the effects of training parameters on muscle activity and temporal symmetry. Disabil Rehabil. 2019;42(21):2977–85. https://​doi.​org/​10.​1080/​09638288.​2019.​1579259.CrossrefPubMed

	31.
Kim J-H, Chung Y, Kim Y, Hwang S. Functional electrical stimulation applied to gluteus medius and tibialis anterior corresponding gait cycle for stroke. Gait posture. 2012;36(1):65–7.Crossref

	32.
Kirker SGB, Simpson DS, Jenner JR, Wing AM. Stepping before standing: hip muscle function in stepping and standing balance after stroke. J Neurol Neurosurg Psychiatry. 2000;68(4):458–64.Crossref

	33.
Pandy MG, Andriacchi TP. Muscle and joint function in human locomotion. Annu Rev Biomed Eng. 2010;12:401–33.Crossref

	34.
Lotze M, Braun C, Birbaumer N, Anders S, Cohen LG. Motor learning elicited by voluntary drive. Brain. 2003;126(4):866–72.Crossref

	35.
Veneman JF, Menger J, van Asseldonk EHF, van der Helm FCT, van der Kooij H. Fixating the pelvis in the horizontal plane affects gait characteristics. Gait Posture. 2008;28:157–63.Crossref



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12984_2021_964_Article_TeX_IEq15.png
p = 0.00005





OEBPS/images/12984_2021_964_Article_TeX_IEq14.png
p = 0.0008





OEBPS/images/12984_2021_964_Article_TeX_IEq13.png
p < 0.00001





OEBPS/images/12984_2021_964_Article_TeX_IEq12.png
p = 0.00015





OEBPS/images/12984_2021_964_Fig8_HTML.png
Pelvis-oft
Normalized EMG

Pelvis-on
Normalized EMG

3 1%tday
0.6 5t day
0.51---E23--10%auy

L.I.I

RF (A) TA(A)  Gmed(A)  BF(A)
0.7
06 O 1%tday
05 &3 5" day x * .
D T T..T I
i W S T 4 T I I-x I
RF (A) TA‘(A) Gmed (A) BF (A) GCM-L (A) GCM-M (A)






OEBPS/images/12984_2021_964_Fig3_HTML.png
Body weight support system

Gravity compensator

Exoskeleton

Foot plates






OEBPS/images/12984_2021_964_Article_TeX_IEq11.png
p = 0.00023





OEBPS/images/12984_2021_964_Article_TeX_IEq10.png





OEBPS/images/12984_2021_964_Article_TeX_IEq30.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq29.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq28.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq27.png
p < 0.05





OEBPS/css/sidebar.gif





OEBPS/images/12984_2021_964_Fig7_HTML.png
10 Pelvis-off 10 Pelvis-on
* 1%day ) © 1%day
[Y) == s"day (Y] == 5"day
08 0.8
z — 10" day = — 10" day
T 0. T 0.
Q o
N N
= T 04l 0\
: B ITIEY
S S 02455 Snanma ]
3 D 02pw T Ry PTG
0.0 v - v
20 40 60 80 100
Gait phase [%] Gait phase [%]
1.0 Pelvis-off Pelvis-on
= 1%tday
¢ 087 & 5*ruay
E 0.6+
e
N 0.4
]
€ 0.2
S
< 0.0
-0.2

Tt;tal Stalnce

S\n;ing





OEBPS/images/12984_2021_964_Fig1_HTML.png
Transfer module /i |
N

Gravity
compensator

Exoskeleton

BWS actuator
module

Foot plates

(a) (b)





OEBPS/navigation.xhtml

    
      Contents


      
        		The effect of pelvic movements of a gait training system for stroke patients: a single blind, randomized, parallel study


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12984_2021_964_Article_TeX_IEq1.png
p < 0.05





OEBPS/images/12984_2021_964_Fig4_HTML.png
Force
sensors EMG

Sensors
EMG
sensors
Foot
pressure

sensors





OEBPS/images/12984_2021_964_Article_TeX_IEq2.png
Height”





OEBPS/images/12984_2021_964_Article_TeX_IEq7.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq26.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq8.png
p < 0.01667





OEBPS/images/12984_2021_964_Article_TeX_IEq25.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq9.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq24.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq23.png





OEBPS/images/12984_2021_964_Article_TeX_IEq3.png





OEBPS/images/12984_2021_964_Article_TeX_IEq22.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq4.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq21.png
20 ~ 500





OEBPS/images/12984_2021_964_Article_TeX_IEq5.png





OEBPS/images/12984_2021_964_Article_TeX_IEq20.png
p < 0.05





OEBPS/images/12984_2021_964_Article_TeX_IEq6.png





OEBPS/images/12984_2021_964_Fig6_HTML.png
Pelvis-off
interaction force [N]

]

N

C
1

Pelvis-on
interaction force [N]
N
o

100

.
a
(=]

N O N
s e 9

00
o

Pellvis Thiglh (A) Thiglh (V)] CalfI (A) Calf (U)

Pelvis  Thigh(A) Thigh(U) Calf(A)  Calf (U)





OEBPS/images/12984_2021_964_Article_TeX_IEq19.png





OEBPS/css/envelope.png





OEBPS/images/12984_2021_964_Article_TeX_IEq18.png





OEBPS/images/12984_2021_964_Article_TeX_IEq17.png
Joevis = fa + fu





OEBPS/images/12984_2021_964_Fig5_HTML.png
Self-selected speed [km/h]

-
o

-
o

G2 Pelvis-off &3 Pelvis-on
*

o
@
1

I
o
T

day 5'day 10"day

1st

day

shday 10" day






OEBPS/images/12984_2021_964_Article_TeX_IEq16.png
p < 0.05





OEBPS/images/12984_2021_964_Fig9_HTML.png
Cadence [step/min] Stride length [cm]

Walking speed [Km/h]

150

B Pelvis-off &2 Pelvis-on

*
100 TJ-
x
50. AAAAA "
0- : " r
1'day 5"day 10" day 1'day 5"day 10" day
150
E3 Pelvis-off &3 Pelvis-on
100 T T T
504 figEay. B R o] B
04
1'day 5"day 10" day 5"day 10" day
"] e Pewvis-off &3 Pelvis-on
4
3 -T.
8 ISR Y ... ... WO 55 5 IORMMMRRRRNOOOONN (= =" OO iCCe 0o N
[ OO o OO (s OO i NORRSOOROORONOON == WO 2ol e N

15tday 5"day 10" day

shday 10" day






OEBPS/images/12984_2021_964_Fig2_HTML.png





