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The effect of pelvic movements of a gait training
system for stroke patients
Choonghyun Son1,3, Anna Lee2, Junkyung Lee4, DaeEun Kim3, Seung-Jong Kim5, Min Ho Chun2† and

Junho Choi1*†

Abstract

Background: Aging societies lead to higher demand for gait rehabilitation as age-related neurological disorders
such as stroke 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 evaluated 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.

Experiment: 23 stroke patients with hemiparesis participated in this study and were assigned into two groups.
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. EMG signals and interaction forces as well as the joint angles
of the robot were measured. Gait parameters such as stride length, gait period, cadence, and walking speed
were measured after gait training.

Result: 37.5 % lower interaction forces of pelvis were observed in the pelvis-on group than the pelvis-off
group. Furthermore, the interaction forces at the thighs and calves of both groups showed significant decrease.
The EMG signals of gluteus medius of the pelvis-on group increased by 77.2 %. Furthermore, statistically
significant increases in various muscles were measured in the pelvis-on group during the stance phase.

Conclusion: Gait training using a robotic gait training system with pelvic movements was conducted to study
the effects of lateral and rotational pelvic movements in gait training of stroke patients. The pelvic movements
made gait training less interfered by the exoskeleton while stimulating the voluntary muscle activation during
the stance phase.

Clinical trial registration: KCT0003762, 2018-1254, Registered 28 October 2018,
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Introduction

As society aged, the number of stroke patients increases [1]. By 2030, 70 million

stroke patients and 12 million deaths by stroke in the world were anticipated [2, 3].

As a consequence, increased number of stroke patients have suffered from loss of

gait function, which is essential for the 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

https://www.editorialmanager.com/jner/download.aspx?id=104583&guid=78ff2680-08e3-408c-8b9d-03fb7baa3aa0&scheme=1
https://www.editorialmanager.com/jner/download.aspx?id=104583&guid=78ff2680-08e3-408c-8b9d-03fb7baa3aa0&scheme=1
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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 researches

have improved the control methods 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].

Further improvements have been made to include pelvic movements in the trans-

verse 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 [11], are responsi-

ble for balancing and weight-shifting during walking and increasing stride length

[12, 13], 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 train-

ing system to allow lateral and rotational pelvic movements [14, 15]. The passive

joints including the ones allowing lateral and rotational movements in the trans-

verse plane was 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 transnational and lateral movements in the transverse plane as well as

joint rotation in the sagittal plane [16, 17, 18]. 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 [19, 20]. 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 was

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, was introduced. The concept and feasibility of Healbot T were

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 [21, 22].

Healbot T, which is developed and improved from COWALK-I, was used to study

the effect of pelvic movements during gait training of stroke patients with hemi-

paresis. The patients were 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 and less interaction

forces at the pelvis. Both groups showed decreased interaction forces at the thighs

and calves. This result implies that the group with pelvic movements have more

voluntary muscle activation.

Method

Protocol

23 subjects with hemiparesis from stroke visited Asan Medical Center (AMC) 10

times within one month. During a visit, subjects were asked to walk in Healbot T,
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which was a robotic gait training system designed to provide pelvic movements in

the transverse plane as well as joint movements in the sagittal plane. It consisted

of an exoskeleton, a gravity compensator, a body weight support (BWS) system,

and foot plates. Figure 1 shows a subject in the Healbot T during a gait training.

Detailed description of the Healbot T is explained in a later section.

Figure 1 Subject in the Healbot T during training

The subjects were randomly assigned into two groups, which were pelvis-off and

pelvis-on groups. For the pelvis-off group, pelvic movements in the transverse plane

were not allowed during gait trainings, whereas transnational and rotational pelvic

movements in the transverse plane were provided for the pelvis-on group. Prior to

the gait trainings, the length of each body segment of the subjects 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 the

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
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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 are set to be

constants. At the beginning of each session, preferred walking speeds were selected

by the subjects. As the walking speed gradually increased from the initial walking

speed of 0.5 km/h, the subjects selected a comfortable walking 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 an-

terior (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 on the 1st, 5th, and 10th days. Two custom-made foot

pressure sensors using force sensitive resisters (FSR-402, Interlink) were attached

beneath each sole to determine the gait phase. See Figure 2 for the locations of the

sensors. Gait parameters such as stride length, gait period, cadence, and walking

speed were measured using OptoGait (Microgate) on the 1st, 5th, 10th days after

the trainings followed by a 20-minute cool-down period.

Figure 2 Locations 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.
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Patient information

All 23 participants were informed of the study objectives and procedures prior to

signing a informed consent form. The study was approved by the Asan Medical

Center Institutional Review Board (IRB, No. 2018-1254). Detailed information on

the subjects is listed in Table 1. No statistical differences were found in weights,

age, duration of onset, and Functional Ambulation Category (FAC) between both

groups. However, the height of the pelvis-on group is greater than the pelvis-off

group (p<0.05).

Table 1 Patient information

Pelvis-off Pelvis-on
# of subject 11 (M:4, F:7) 12 (M:10, F:2)
Age (years) 66.7 (14.5) 66.4 (7.9)

Onset period (years) 14.5 (6.1) 15.8 (8.1)
FAC (score) 4.00 (0.63) 4.58 (1.2)

Height (cm)** 158.0 (6.9) 165.4 (6.8)
Weight (kg) 65.1 (8.9) 68.0 (8.2)

Result

Statistical analysis

Due to large amount of steps, the interaction forces and the EMG signals, which were

averaged over steps, were considered to have normal distributions. The interaction

force, EMG signals and gait parameters were compared using a two-tailed T-test.

Three different significance levels were denoted by * (p < 0.1) , ** (p < 0.05), ***

(p < 0.01) marks.

Self-selected speed

The measured self-selected walking speeds in every session are shown in Figure

3. The self-selected walking speed gradually increased as the training progressed.

However, there was no significant difference between both groups.
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Figure 3 The self-selected speed of both groups. The red and blue lines represent the averaged
self-selected speeds of the pelvis-off group and the pelvis-on group, respectively.

Interaction force

The interaction forces were measured using the force sensors installed on the braces

at pelvis, thighs, and calves as shown in Figure 2. Note that two force sensors
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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 fpelvis = fA + fU, where fA represented the

interaction force at the affected side (A) of the pelvis and fU denoted the interaction

force at the unaffected side (U).
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Figure 4 Measured 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.

The measured interaction forces are shown in Figure 4. No significant changes

between the first and last days of the training in both groups was found. Positive

interaction forces at the pelvis indicated that the patients leaned toward the affected

side, which were observed in both groups. However, interaction forces measured at

the pelvis of the pelvis-on group was 37.5 % lower than the pelvis-off group on the

10th day. Interaction forces at the other locations except the calf of the unaffected

side of the pelvis-off group significantly decreased on the 10th day.

EMG signal

The measured EMG signals were filtered with a band pass filter with pass band

frequencies of 20∼500 Hz, rectified, and normalized by their maximum values.

As shown in Figure 5, 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-
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Figure 5 Normalized 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

on group increased by 77.2 % on the last day of training. In particular, the EMG

signals during stance phase rose 95.2 % in the pelvis-on group.

The mean EMG signals of 4 other muscles in the affected side of the pelvis-on

group, which were RF, TA, BF, and GCM-L, increased by 51.0 %, 15.5 %, 31.4

%, and 135.7 %, respectively, during the experiment as shown in Figure 6. In the

pelvis-off group, the EMG signal of RF and GCM-L increased by 24.8 %, 32.6 % on

the 10th day. Furthermore, the EMG signals at RF, TA, Gmed, BF, and GCM-L

muscles showed significant differences between both groups on the last day of the

experiment.

Gait parameters

Figure 7 shows the gait parameters that were measured using OptoGait, which

were stride length, walking period, cadence and walking speed. Each parameter was

normalized by the data measured on the 1st day. No significant differences between

the pelvis-off and pelvis-on group and between training sessions was found in stride

length, gait period, walking speed. However, significant difference was found in

cadence between both groups on the 10th day.

Healbot T

Healbot T was a gait training system designed for patients with stroke. It consisted

of an exoskeleton robot, a BWS system, a gravity compensator, and footplates, see

Figure 8.
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Figure 6 Averaged 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.
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Figure 7 Measured gait parameters. Red and blue lines represent the pelvis-off group and the
pelvis-on group. Error bars showed standard deviation.
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Figure 8 (a) 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 was designed to provide pelvic movements. It had 9 active

joints, which were three prismatic joints for transnational 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) were used. Three

prismatic joints were actuated with three identical BLDC motors (K089200-7Y2,

Parker) with lead-screws to generate lateral, forward, and rotational pelvic move-

ments in the transverse plane. Positions of the actuated joints were measured using

absolute encoders (EQI-1131, Heidenhain) attached to the shaft of the motors.

(a) (b) (c)

Figure 9 Pelvic movement generated with three prismatic joints (a) Lateral movement (b)
Forward movement (c) Rotational movement
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Pelvic movements in the transverse plane were generated using three prismatic

joints. Lateral movement was generated by the prismatic joint in the center of the

exoskeleton. Forward and rotational movements were produced by the prismatic

joints at both sides. See Figure 9.

The braces for securing the patients are located at the pelvis, thighs and calves

of the exoskeleton. Force sensors are installed between the exoskeleton and the

braces to measure the interaction forces. The footplates were controlled to match

the patient’s foot position. Each joint angles are kept within a preset range of motion

by mechanical and programmable limits for safety.

The BWS system is designed for supporting the subjects having difficulty in con-

trolling their trunk positions. The BWS system consists of an actuator module, a

winch, and a transfer module as shown in Figure 8.

Since the weight of the exoskeleton imposes physical burden to the subjects wear-

ing the exoskeleton robot and adverse effect on the gait [23], a gravity compensator

was designed to support the weight of the exoskeleton. The weight of the exoskeleton

was supported by linear springs instead of counter mass to reduce the inertial effect

on the exoskeleton. Using a 4-bar linkages and cable, the supporting force generated

by the springs remained constant regardless of the position of the exoskeleton.

Discussion

The effect of pelvic movements during gait training was studied in this study. 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 devel-

oped. 23 stroke patients participated in the experiment and were divided 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.

The interaction forces at the pelvis of the pelvis-on group was lower than the

pelvis-off group. 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. In contrast, the

rotational and lateral pelvic movements contributed to reduce the interaction forces

at the pelvis of the pelvis-on group. 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. Lower level of the interaction forces at the pelvis

of the pelvis-on group showed less leaning of the torso toward the affected side.

Significant decrease of interaction forces at thighs and calves of both groups im-

plied less interference from mismatched trajectories of the robot and the subject as

well as less potential of injury and enhancing comfort [24]. Jezernik et al. showed

that, when the trajectories provided by a gait training system were allowed to be

adapted to the subjects, the interaction forces decreased as the trajectories were

changed whereas the interaction forces remain high without adaptation [25]. In

our study, significantly decreased interaction forces implies that both groups had

adapted to the gait patterns provided by the gait training systems since the trajec-

tories of hip and knee joints were not changed during a gait training.

Muscle activation of gluteus medius (Gmed) in Figure 5 showed no significant

difference between 1st and 10th days in the pelvis-off group whereas the pelvis-on
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group showed increased muscle activation, which was not consistent with what was

reported in the previous study [20]. The difference might be caused by the trajecto-

ries 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 [17, 18, 20, 26] but consistent with the exper-

iments with stroke patients by van Kamman [27]. 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 shift-

ing during the double stance phase since Gmed contributes to weight shifting [28].

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 [27, 26, 29].

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

[30].

In the previous research by Hidler and Wall [26], increased activation in quadri-

ceps muscles such as rectus femoris and gluteus muscle groups and decreased ac-

tivation in gastrocnemius and tibialis anterior muscles were reported. However, in

this study, only RF and GCM-L muscles of the pelvic-off group showed increased

activation. Furthermore, all muscles except GCM-M showed increased activation in

the pelvis-on group as shown in Figure 6. Since increased EMG signals indicates

more voluntary muscle activation [31], 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.

It was observed that the cadence of the pelvis-on group increased while the pelvis-

off group showed reduced cadence. Although statistical significance was not found,

it is interesting to note that the walking speed of the both groups increased by

increased stride length for the pelvis-off group and decreased gait period for the

pelvis-on group. The result is consistent with Veneman [32] who reported increased

step length of walking with fixed pelvis.

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. The

experiment was conducted with 23 stroke patients who were randomly assigned

into two 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. The pelvis-on group showed less interaction forces at the pelvis

than the pelvis-off group. This indicates that Healbot T provided more natural and

comfortable gait trajectories with lateral and rotating pelvic movement. Interaction

forces at the thighs and calves decreased as training progressed in both groups,

which implied gait adaption by both groups. Muscle activation of Gmed as well as

RF, TA, BF, and GCM-L muscles increased in the pelvis-on group. These results
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indicated that the pelvic motions provided by Healbot T induced voluntary muscle

activation of the subjects for weight bearing.
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Figures

Figure 1

Subject in the Healbot T during training



Figure 2

Locations 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.



Figure 3

The self-selected speed of both groups. The red and blue lines represent the averaged self-selected
speeds of the pelvis-off group and the pelvis-on group, respectively.



Figure 4

Measured 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.



Figure 5

Normalized 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



Figure 6

Averaged 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.



Figure 7

Measured gait parameters. Red and blue lines represent the pelvis-off group and the pelvis-on group. Error
bars showed standard deviation.



Figure 8

(a) 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



Figure 9

Pelvic movement generated with three prismatic joints (a) Lateral movement (b) Forward movement (c)
Rotational movement


