
Rehabilitation Devices and Systems

Received 10 June 2013; revised 16 November 2013; accepted 15 December 2013. Date of publication 30 January 2014;
date of current version 13 February 2014.

Digital Object Identifier 10.1109/JTEHM.2014.2303807

Hardware Development and Locomotion Control
Strategy for an Over-Ground Gait Trainer:

NaTUre-Gaits
TRIEU PHAT LUU1, KIN HUAT LOW1, XINGDA QU1, HUP BOON LIM2, AND KAY HIANG HOON1

1School of Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore 639798
2Singapore Polytechnic, Singapore 139651

CORRESPONDING AUTHOR: T. P. LUU (luut0004@e.ntu.edu.sg)

This work was supported by the National Medical Research Council (NMRC) under Grant NMRC 1051/2006.

ABSTRACT Therapist-assisted body weight supported (TABWS) gait rehabilitation was introduced two
decades ago. The benefit of TABWS in functional recovery of walking in spinal cord injury and stroke
patients has been demonstrated and reported. However, shortage of therapists, labor-intensiveness, and short
duration of training are some limitations of this approach. To overcome these deficiencies, robotic-assisted
gait rehabilitation systems have been suggested. These systems have gained attentions from researchers
and clinical practitioner in recent years. To achieve the same objective, an over-ground gait rehabilitation
system, NaTUre-gaits, was developed at the Nanyang Technological University. The design was based on a
clinical approach to provide four main features, which are pelvic motion, body weight support, over-ground
walking experience, and lower limb assistance. These features can be achieved by three main modules of
NaTUre-gaits: 1) pelvic assistance mechanism, mobile platform, and robotic orthosis. Predefined gait
patterns are required for a robotic assisted system to follow. In this paper, the gait pattern planning for
NaTUre-gaitswas accomplished by an individual-specific gait pattern predictionmodel. Themodel generates
gait patterns that resemble natural gait patterns of the targeted subjects. The features of NaTUre-gaits have
been demonstrated by walking trials with several subjects. The trials have been evaluated by therapists and
doctors. The results show that 10-m walking trial with a reduction in manpower. The task-specific repetitive
training approach and natural walking gait patterns were also successfully achieved.

INDEX TERMS Robotic gait rehabilitation, gait pattern planning, over-ground gait trainer.

I. INTRODUCTION
Spinal cord injury (SCI) and stroke are the leading cause of
disability around the world. In the United States, approx-
imately 795,000 people have a new or recurrent stroke
annually [1], and an estimated 232,000 to 316,000 persons
live with SCI [2]. Loss of walking ability is a debilitating
outcome in post-stroke and spinal cord injury, with more
than 50% of the post-stroke patients demonstrating persistent
walking deficits, and more than 90% of the SCI patients
lose their sensory and motor control of the lower limbs.
Majority of these patients have to go through gait rehabil-
itation in order to regain the ability of independent walk-
ing. Body weight supported (BWS) treadmill training has
been applied in gait rehabilitation for patients, who have

neurological gait disorders after stroke or incomplete spinal
cord injury (iSCI) [3]. The method of suspending a patient
over a treadmill for gait rehabilitation was first reported by
Barbeau et al. in 1987 [4]. This method is developed based on
the observation of spinalized cats that could be trained to walk
on a treadmill with partial unweighting of their hindlimbs
[5], [6]. Several studies have also demonstrated that BWS
treadmill training can improve walking in patients with iSCI
[7]–[11]. It has been found out that 80% of wheelchair-
bounded patients with chronic SCI gained functional walk-
ing ability after training [7], [12], [13]. This approach has
the advantages of being task-specific and repetitive, but it
is often physically intensive for therapists [14], [15]. As a
result, robotic assisted gait rehabilitation systems have been
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developed to address these deficiencies. The systems have
gained extensive attentions from researchers and therapists in
recent years.

Based on the method of progression, robotic assisted gait
trainers can be categorized into three main groups: BWS
treadmill-based, footplate-based and over-ground walking
based rehabilitation. Regularly, the training environment in
the first group includes a BWS system that either partially or
fully supports the body weight of the subject, a robotic ortho-
sis that moves the lower limb follow pre-defined trajectories
and a treadmill.

Lokomat [16] is the first commercialized product of BWS
treadmill training system, which was first introduced in 2000
(developed by Hocoma AG, Switzerland). Lokomat comes
with four modules: body weight offloading, robotic ortho-
sis, computer system and treadmill. Studies have shown that
Lokomat was effective in improving the walking ability of
individuals with iSCI [17], [18]. ALEX [19] (developed in
University of Delaware, Newark [19]) is another treadmill-
based rehabilitation system. ALEX has four main modules:
walker, robotic orthosis, computer system and treadmill. The
robotic orthosis is carried by the walker that can be con-
sidered as a portable module to use with different treadmill
system. LOPES [20] (developed in University of Twente, The
Netherlands) also belongs to the first group. LOPES consists
of a cable driven exoskeleton for lower limb assistance and
an end effector for the pelvic assistance. In total, LOPES has
eight actuated degrees of freedom (DoFs); two DOFs for the
horizontal pelvic translation and three rotational joints for
each limb. PAM and POGO [21] are two devices developed
by University of California, USA. PAM assists the pelvic
motion during stepping by using BWS treadmill, whereas
POGO provides assistance for the leg swing by actuating
the hip and knee joints in sagittal plane. Locomotion devices
in footplate-based rehabilitation mainly focus on control-
ling foot movements for locomotor task-specific training
(e.g. walking on floor or stepping staircases). So far, only a
few devices have been developed based on the principle of
programmable footplates. HapticWalker and GT-II [22], [23]
(developed by Charite University Hospital, Berlin, Germany)
are the two examples in the second group.

For the last group, automated rehabilitation devices in over-
groundwalking have been developed to focus on the sensation
improvement of over-ground walking. The patients being
trained with these systems are allowed to have progression
during walking compared to the treadmill-based training.
WalkTrainer [24] (Swiss Foundation of Cyberthosis), Kine-
Assist [25], ReWalk (Bionics Research Inc.) and Robotic
Exoskeleton (REX Bionics Ltd.) are some examples in over-
ground based rehabilitation systems. Though each system has
its own unique features, majority of gait training devices focus
primarily on providing lower limb movements via lower limb
orthosis. An essential feature, pelvic movement assistance, is
however missing or constrained by the body weight support
apparatus. Body weight shifting is a training process of
conventional over-ground gait rehabilitation. Only a few

research groups have developed robotic assisted devices
that incorporate pelvic mechanism (e.g. PAM/POGO,
WalkTrainer) to allow pelvic motions. Works on pelvic
motion assistance in those devices can be found in [21]
and [24]. PAM can be considered as a teach-and-play device
that drives the pelvis toward reference trajectories [21], [26].
To generate predefined pelvic trajectories that closely
mimic natural movement of the targeted subject during gait
rehabilitation training process, WalkTrainer research group
introduced a pelvic amplitude prediction model. For imple-
mentation purpose, a simple linear model was used with only
one input factor (walking speed). The model assumed that
pelvic motion always have only their magnitude varies [27].
In this work, a developed over-ground gait trainer

(NaTUre-gaits) is introduced. The system was designed for
the provision of unrestricted pelvic motion (thus allows
body weight shifting), actuated assistance to the lower limb
joints, body weight support, and over-ground walking. The
proposed features obtained from clinical-based approach
can be accomplished by three modules: Pelvic Assistance
Mechanism (PA), Mobile Platform (MP) and Robotic
Orthosis (RO). Most existing systems with pelvic assis-
tance adopt conventional cable-harness body weight sup-
port (cBWS) apparatus, the Pelvic Assistance mechanism
of NaTUre-gaits system is based on structure BWS concept
(sBWS). The structure BWS supports the subject’s body
weight by holding their waist and control the pelvic move-
ment at the same time. By using sBWS, the constraint of the
pelvicmovement could be reduced if compare to conventional
cBWS. An adaptive control strategy with pelvic motion assis-
tance could also be applied [28]. An individual-specific gait
pattern generation model was developed to predict the walk-
ing gait patterns for inter-subject differences. The predicted
gait patterns were then stored in a controller of NaTUre-gaits
as predefined walking trajectories. The system is expected to
induce natural walking patterns that tailored to the targeted
subjects. Experiment protocols for some healthy subjects
and clinical trials with an iSCI patient have been carried
out. Preliminary assessments from participants and physio-
therapists reveal that NaTUre-gaits is capable of providing
secure locomotor training environment, reducing manpower
and labor involvement during rehabilitation training process,
and inducing comfortable (or natural) gait patterns on the
subject walking with the gait system.

II. INTRODUCTION TO AN OVER-GROUND GAIT TRAINER:
NATURE-GAITS
A. CLINICAL-BASED APPROACH FOR THE DESIGN OF
NATURE-GAITS
Motor learning of neurological injury rehabilitation relies on
three principles: practice, specificity and effort [29], [30].
With all other things being equal, more practice will result in
more learning [31]. The clear benefits of intensive repetitive
therapy have been demonstrated by Kwakkel et al. [32].
Specificity is the second principle, which states that the best
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way to improve performance of a motor task is to execute
a specific motor task [33], [34]. The last principle, effort,
indicates that a high degree of participation and involve-
ment of individuals is required to facilitate motor learning
[35], [36].

The conceptual idea of themodules contained in the robotic
gait rehabilitation system is shown in Figure 1. To fulfill
the first two principles, four features (pelvic assistance, body
weight support, over-ground mobility and lower limb assis-
tance) have been defined as guidelines for the design of the
system. The third principle can be achieved by an assist as
needed control strategy. These features are summarized as
follows.

1) Pelvic motion
• Unrestricted pelvic movements play an important
role in normal locomotion and thus it is included
as one of the essential features in this work.

• Promote body weight shifting during gait rehabili-
tation.

2) Body weight support
• Unique body weight support approach, without
restricting of pelvic movements.

3) Over-ground mobility
• Provides gait practicing in functional over-ground
walking, as opposed to treadmills.

4) Reciprocal stepping
• Assist motion of hip, knee and ankle in sagittal
plane and provide actual functional over-ground
walking.

FIGURE 1. Proposed feature and modules of NaTUre-gaits.

B. PROTOTYPE OF NATURE-GAITS AND ITS MODULES
The robotic system, named as NaTUre-gaits (Natural and
tune-able rehabilitation gait system), was designed to allow

natural and tune-able gait locomotion during rehabilitation.
The overview of NaTUre-gaits and its modules are shown in
Figure 2.NaTUre-gaits has been designed to fit different sizes
of human subjects according to the anthropometric data as
listed in Table 1.

TABLE 1. Anthropometric data of targeted users.

FIGURE 2. Schematic view of NaTUre-gaits and its modules.

Each of the proposed features could be achieved by a
module on the robotic system. Thesemodules were controlled
to synchronize together throughout the operation to achieve
the desired gait locomotion. In order to provide over-ground
walking, a mobile platform (MP) was incorporated in the
system. The mobile platform follows the subject throughout
gait rehabilitation, while supporting all other modules with it.
A pair of robotic arms of Pelvic Assistance (PA)mechanism is
attached to the mobile platform. The end effectors of the arms
connect to the waist of the patient, to provide BWS and pelvic
control. Lastly, a lower limb robotic orthosis (RO) is attached
to the end of the robotic arm, which induces gait locomotion
to the subject during the gait training.

1) PELVIC ASSISTANCE MECHANISM (PA)
The PA mechanism has a pair of robotic arms. Each arm
consists of a sub-mechanism and a lateral shift mechanism.
The two robotic arms hold the subject at both sides of pelvis.
The subject is secured onto the robotic arms through a special
designed harness (Figure 3). PA mechanism supports the
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subject’s body weight by holding his/her pelvis and con-
trols the pelvic movement at the same time. This approach
reduces the constraint of the pelvis movement if compared
to conventional cable-harness BWS apparatus. An adaptive
control strategy with pelvic motion assistance can also be
applied [28].

FIGURE 3. Configuration of robotic arms of PA mechanism with a subject.

Sub-mechanism of PA comprises actuators 1 and 2 and pro-
vides the motion in the sagittal plane. Actuator 3 is connected
to the end effector of the sub-mechanism, which provides the
lateral shifting motion as shown in Figure 4. The position
of the end effector is indicated by balloon 1. The sagittal
plane’s motion (xg3, zg3) of pelvis is provided by the linear
motion of sg1 and sg2. The pelvic motion in the y-axis (lateral
movement) is controlled by actuator 3 through a rack and
pinion mechanism.

FIGURE 4. CAD illustration of PA mechanism: (a) Movement of PA in the
sagittal plane of the right side; (b) Lateral shift mechanism of the right
side.

2) REALIZATION OF OVER-GROUND MOBILITY FOR
ROBOTIC ASSISTED GAIT REHABILITATION
Mobile platform in Figure 2 forms the base of
NaTUre-gaits. The main function of the mobile platform is to
provide the progression for the entire system and the subject
during gait rehabilitation. Mobile platform also serves as the
carrier of the robotic orthosis, pelvic assistance mechanism,
controller, power source, and any other electronic compo-
nents ofNaTUre-gaits. Twomotorized wheels are mounted at
the rear of mobile platform. As each wheel is independently
controlled, it is possible for the mobile platform to follow
straight or curved path. Therefore, the gait rehabilitation is
not limited to progression in a straight line.

3) PROVISION OF RECIPROCAL LOWER LIMB STEPPING
WITH ROBOTIC ORTHOSIS (RO)
The robotic orthosis has a total of six degrees of freedom
(DoFs) with three DoFs on each side as shown in Figure 5.
It is designed as a pair of anthropomorphic legs. The length
of the robotic orthosis for the thigh and shank can be adjusted
to fit different subjects. The designed range of motion (ROM)
for each joint is provided in Table 2. The ROM is limited by
hardware limiter to ensure the safety of the users.

FIGURE 5. Design and features of robotic orthosis for NaTUre-gaits.

4) CONTROL MODULE
Three modules of NaTUre-gaits, such as Pelvic Assistance
(PA), Robotic Orthosis (RO), and Mobile Platform (MP),
consist of twelve DC motors in total. These motors are con-
trolled to follow pre-defined trajectories. The control module
of NaTUre-gaits is able to response with the planning the
trajectories in real time and provides control signal to DC
amplifier to drive all the motors to follow desired trajectories.
Three modules of NaTUre-gaits are controlled by a control

module using PXI system from National Instrument. PXI
system is a rugged PC-based platform for measurement and
automation systems. A PXI system consists of four main
components: rugged chassis, system controller, peripheral
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TABLE 2. Lower limb range of motion (ROM) of robotic orthosis in
sagittal plane.

modules, and software. The chassis used in control module
is NI-PXIe 1062Q, which provides one PXIe system slot
for controller, one PXIe peripheral slot, two Hybrid slots,
and four PXI slots. The embedded controller NI PXIe-8115
used in control module includes standard features, such as
integrated CPU, hard drive, memory, Ethernet, video, serial,
USB and other peripherals. The embedded controller is
compatible with both Window OS and Labview Real-Time.
Two motion controller cards (NI PXI-7358), which offer
8 axes for stepper/servo motor, were used in control module.
NI Labview and Matlab were used as programming environ-
ments for NaTUre-gaits. The overview of control module for
NaTUre-gaits is shown in Figure 6.

III. LOCOMOTION CONTROL STRATEGY FOR
NATURE-GAITS
Robotic gait rehabilitation systems require a pre-defined
pattern of gait locomotion, in order to carry out the gait
training. To achieve an optimal afferent input to the spinal
cord and maximize the functional locomotor outcomes, the
pre-defined movement inputs should be in physiological
manner or natural gait-like pattern [16], [40]. In manual
assisted BWS treadmill gait rehabilitation, the therapists
move the patient’s leg and pelvis using visual feedback
and feel. The assistance provided can vary greatly between
therapists and between training sessions [41]. In compari-
son, robotic orthosis found on those robotic gait rehabilita-
tion systems adopts simplified approach to replicate the leg
kinematics [16].

Lokomat took a step further by allowing the gait pattern to
be set according to the patients height and range of motion
of the lower limb joint [42]. Every individual displays certain
personal peculiarities superimposed on the basic pattern of
bipedal locomotion during walking. To maximize the ther-
apeutic outcomes, it is crucial to induce a gait pattern that
resembles natural human gait pattern during gait rehabilita-
tion [16], [41]. For this reason, a locomotion control strategy

FIGURE 6. Control module for NaTUre-gaits.

based on a gait pattern prediction model, which generates
walking pattern tailored to subjects anthropometric data, has
been developed and illustrated in Figure 7.

FIGURE 7. Motion Generation for NaTUre-gaits.
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Based on the literature [43]–[45], gait parameters (for
example, walking speed, stride length and cadence) were
found to be the key factors influencing the walking gait
pattern. In this work, a gait parameter prediction model
was proposed to predict natural gait speed, stride length,
and cadence for a specific subject, given his/her anatomical
parameters (age, gender, height, and weight) and a desired
state of walking speed (slow or normal). The first step in
Figure 7 is to obtain the basic information and to measure the
anthropometry parameters of the subjects. The input of walk-
ing speed could be determined by the therapists or selected
from the suggested range of walking speed from the Gait
Parameter Prediction model. Subsequently, gait parameters
and anthropometric data of selected subjects are used as the
input for Gait Pattern Prediction Model to plan a reference
gait pattern for each individual.

A. MOTION PLANNING BASED ON GAIT PATTERN
PREDICTION MODEL
The gait pattern prediction model was designed based on
a gait pattern database obtained from the motion capture
experiment. Seventy healthy male subjects with ages ranging
from 18 to 33 years (mean 23.6±2.2 years), height 156 to
192 cm (mean 171.1±6.2 cm) and body weight 49 to 120 kg
(mean 64.3±11.5 kg) with no history of neurological disease
or lower limb pathology participated in the study after giving
informed consent. Each subject was instructed to walk ten
times at their self-paced slow and normal walking speeds
over a 12-meter walkway. The gait data were collected by
using an eight camera motion analysis system (Eagle, Motion
Analysis Corp). The kinematics of lower limb joints was
calculated from the reflective markers and anthropometric
data. The rotations of hip, knee and ankle joints in the sagittal
plane (flexion-extension) obtained from 700 walks are shown
in Figure 8. Details of the models can be found in [46] and
[47]. Invert kinematics of Pelvic Assistance (PA) mechanism
was used to convert pelvic angle waveforms to encoder counts
for PA motors. A simple PID controller was applied for PA
position control. The similar approach was used for Robotic
Orthosis (RO) mechanism. For Mobile Platform (MP), the
speed control was used so that the two wheels of MP mech-

FIGURE 8. Lower limb kinematics of human walking associated with
700 walks (solid lines: average waveforms; dashed lines: one standard
deviation).

anism moving at the desired walking speed in progression
direction.

B. SYNCHRONIZATION BETWEEN PELVIC MOTION AND
PROGRESSION VELOCITY FOR OVER-GROUND WALKING
The average walking velocity in progression direction can be
determined from the distance travel in one gait cycle time as
follows:

ẊPA,r =
XPA,r (N )− XPA,r (0)

T
(1)

where
ẊPA,r is the average walking velocity of pelvic movement

in progression direction or x-axis.
XPA,r (N ) and XPA,r (0) are the right end effector position of

PA at 100% gait cycle and 0% gait cycle, respectively.
T is the time taken to complete one gait cycle.
The pelvic trajectories during human walking in progres-

sion direction can be decomposed into a constant velocity
movement at a speed ẊPA,r and a localized pelvic motion.
The conversion of pelvic motion in progression direction is
illustrated in Figure 9.

FIGURE 9. Conversion from pelvic motion to motion for mobile platform
and pelvic assistance mechanism.

In NaTUre-gaits, the constant velocity movement in pro-
gression plane is accomplished by a two wheel Mobile Plat-
form. The position of mobile platform is given by:

XMP = ẊPA,r × tGC (2)

where tGC is the instant within one gait cycle, 0 ≤ tGC ≤ T .
The localized pelvic motion in progression direction is

calculated as follows:

xPA,r = XPA,r − XMP (3)

Similarly, the localized pelvic motion in y-axis and z-axis
are also analyzed and they can be calculated as follows:

yPA,r = YPA,r − ȲPA,r

zPA,r = ZPA,r − ZHip (4)

where ZHip is the subject’s hip coordinate in z-axis at standing
position.
The trajectory of left end effector is calculated from the

right side with 50% phase lag. The localized movement of
PA mechanism in 3D space is also analyzed and shown in
Figure 10. It is noted that the left and right end effectors
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FIGURE 10. Motion planning for PA mechanism in 3D space
(solid lines – right side; dotted lines – left side).

of PA mechanism have the same trajectory in sagittal plane.
In frontal plane, the trajectories have Figure 8. The results are
agreed with previous pelvic motion study in [48].

IV. CLINICAL STUDY
Clinical study has been carried out to verify the performance
of NaTUre-gaits in gait rehabilitation training. A 64 year
old male subject with incomplete spinal cord injury (iSCI)
participated in the study after giving informed consent. The
clinical trial was carried out in a local rehabilitation center,
Tan Tock Seng Hospital. During the trials, the ability of
providing pelvic motion assistance, complete body weight
support, lower limb assistance, and the experience of over
ground walking by NaTUre-gaits were observed visually.
Quantitative analysis is not planned for this initial trial of the
system. The main objective of this trial is to complete 10-
meter walk assisted by NaTUre-gaits without any disruption.
Basic information of the subject (age, gender, height, weight)
was recorded and anthropometric data were measured. With
the determinedwalking speed for training, the gait parameters
(stride length and cadence) were estimated and the gait pat-
tern prediction model was applied to generate walking gait
patterns for the subject.

The blood pressure and heart rate of the subjects were
measured normal during trials. Average time for harness setup
and strapping the subject to NaTUre-gaits was 13 minutes.
The subject was instructed to perform four cycles of ten meter
walkwithNaTUre-gaits. It took about 18minutes to complete
one cycle of the walking gait training. Figure 11 shows the
NaTUre-gaits with subject in the gait rehabilitation training
process. A survey form was completed by the subject after
the clinical trial. The results revealed that the constraints from
harness and strapping devices of NaTUre-gaits were accept-
able. The lack of physical comfort when being assisted by the
system to complete the gait locomotion was not felt by the
subject. Through the clinical trial, we confirm the ability of
NaTUre-gaits in providing gait locomotion assistance to iSCI
subjects. Although two persons were needed for the strapping
setup process, only one person was required for the control of
NaTUre-gaits during the locomotion training process.

FIGURE 11. NaTUre-gaits with an iSCI subject and its three main modules.

V. CONCLUSION
Anewly proposed robotic gait rehabilitation system,NaTUre-
gaits, has been presented in this work. Essential features of
robotic assisted gait rehabilitation, such as unrestricted pelvic
motion assistance, lower limbmotion assistance, body weight
support, and over-groundwalking experience have beenmade
possible with NaTUre-gaits.
Three robotic modules have been introduced in this work to

enable the robotic gait rehabilitation system to provide body
weight support gait rehabilitation, with assistance provided
to hip and lower limb movement, in the context of over-
ground walking. The unique feature found on NaTUre-gaits
is the provision of pelvic motion assistance and body weight
support with the pelvic assistance mechanism.
Clinical trials have been successfully carried out for one

male iSCI subject. The recruited subject tolerated the device
well throughout the one hour trial. The trials confirm the
ability of NaTUre-gaits in the provision of gait locomo-
tion assistance. The significant reduction on the laborious
demanding of human helpers for over-ground gait training
has been demonstrated. The next phase of this work will be
embarking on the study of the advantage brought by pelvic
motion assistance during gait locomotion training. The pro-
cedure of harness wearing and the design of the harness shall
be refined such that it can be worn with least possibility of
misalignment and in shorten time.
Currently, NaTUre-gaits only moves the subject along

predefined trajectories and does not adapt the gait pat-
tern to the activity of the subject. This is a position con-
trolled training (also known as passive training). If sub-
jects are trained with totally passive training strategy,
they tend to train with reduced activity of muscles and
metabolism. For example, people with SCI who walk in
a robotic gait training device with position control con-
sumed 60% less energy than in traditional therapist assisted
therapy [49]. Hidler et al. [50] showed that conventional
gait training appears to be more effective than robotic-
assisted gait training and robotic guidance may reduce
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volitional muscle activity. Cooperative control strategies
are expected to stimulate active participation from the
subjects. Therefore, it is assumed that subject-cooperative
control strategies will maximize the therapeutic outcome.
A subject-cooperative control strategy named speed adap-
tation control strategy is being developed for NaTUre-gaits
to improve the therapeutic outcomes of locomotor training
process. In this control strategy, gait pattern will be adapted
to follow a desired walking speed based on the performance
and effort from the subject during the training process.
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