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Abstract

Background: Gait training for individuals with neurological disorders is challenging in providing the suitable
assistance and more adaptive behaviour towards user needs. The user specific adaptation can be defined based on
the user interaction with the orthosis and by monitoring the user intentions. In this paper, an adaptive control model,
commanded by the user intention, is evaluated using a lower limb exoskeleton with incomplete spinal cord injury
individuals (SCI).

Methods: A user intention based adaptive control model has been developed and evaluated with 4 incomplete SCl
individuals across 3 sessions of training per individual. The adaptive control model modifies the joint impedance
properties of the exoskeleton as a function of the human-orthosis interaction torques and the joint trajectory evolution
along the gait sequence, in real time. The volitional input of the user is identified by monitoring the neural signals,
pertaining to the user's motor activity. These volitional inputs are used as a trigger to initiate the gait movement,
allowing the user to control the initialization of the exoskeleton movement, independently. A Finite-state machine
based control model is used in this set-up which helps in combining the volitional orders with the gait adaptation.

Results: The exoskeleton demonstrated an adaptive assistance depending on the patients’ performance without
guiding them to follow an imposed trajectory. The exoskeleton initiated the trajectory based on the user intention
command received from the brain machine interface, demonstrating it as a reliable trigger. The exoskeleton
maintained the equilibrium by providing suitable assistance throughout the experiments. A progressive change in the
maximum flexion of the knee joint was observed at the end of each session which shows improvement in the patient
performance. Results of the adaptive impedance were evaluated by comparing with the application of a constant
impedance value. Participants reported that the movement of the exoskeleton was flexible and the walking patterns
were similar to their own distinct patterns.

Conclusions: This study demonstrates that user specific adaptive control can be applied on a wearable robot based
on the human-orthosis interaction torques and modifying the joints"impedance properties. The patients perceived
no external or impulsive force and felt comfortable with the assistance provided by the exoskeleton. The main goal of
such a user dependent control is to assist the patients’ needs and adapt to their characteristics, thus maximizing their
engagement in the therapy and avoiding slacking. In addition, the initiation directly controlled by the brain allows
synchronizing the user’s intention with the afferent stimulus provided by the movement of the exoskeleton, which
maximizes the potentiality of the system in neuro-rehabilitative therapies.

Keywords: Adaptive control, Brain-machine interface, Exoskeleton, Finite-state machine, Gait training, Incomplete
SCl, Volitional control
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Background

Neurological disorder affects the individuals in perform-
ing their activities for daily living and to constantly rely
on external support. Specifically gait deficit is one of the
challenges faced by the individuals affected by any neuro-
logical disorder such as Spinal cord injury (SCI) or stroke.
Gait training for patients with neurological disorders is
of great interest for the researchers involved in develop-
ing such assistive technologies. However, the nature and
level of neurological disorder challenges the development
of a universally viable assistance [1, 2]. Hence, a user spe-
cific assistance model is needed to provide the suitable
gait compensation and to ensure equilibrium. An efficient
control strategy must consider the physical interaction
of the user and signal-level feedbacks during the prac-
tical use [3, 4]. The effectiveness of the control model
can also be enhanced by combining multiple therapeu-
tic modalities to promote an engaging and challenging
training, following with more naturalistic movements [5].
Several treadmill-based training robots such as Lokomat
[6], LOPES [7-9], have proven to be efficient in provid-
ing the necessary gait assistance to the users, especially for
paraplegic patients. The availability of an external body
support system handles the complications in maintaining
the equilibrium [8, 10-12], whilst lack of active in-therapy
involvement of the user which frequently leads to slack-
ing in patients [13]. Hence, these devices are beneficial
for individuals with complete Spinal cord injury (SCI) or
acute Stroke, possessing less muscular strength to per-
form a movement [11]. In wearable robots, gait assistance
is challenging in determining the level of assistance for
ensuring dynamic stability, considering the ground reac-
tion forces acting on them BLEEX [14], XPED2 [15], Ekso
(earlier eLegs) [16], Rex (Rex Bionics) and Re-Walk [17].
These exoskeletons have proven to be capable in providing
assistance on a passive range of motion and using complex
systems [4].

Assistance in robotic rehabilitation can be achieved
using an effective control strategy [18, 19] such as
impedance or adaptive control, which acts based on the
subjects’ performance. Such control strategies operate
under the principle of assistance-as-needed, in which
assistive forces increase as the participant deviates from
the desired trajectory [20]. The deviation of the user can
also be used as an input to generate a trigger to initi-
ate the movement or the assistance in accordance to the
users’ performance [21]. For gait, a personalized assis-
tance based on the user’s intentions and movements is
needed to dynamically adapt to the users’ needs. A pre-
defined trajectory pattern based control, without other
inputs, imposes a complete assistance which might induce
slacking and harm the patient [18]. Thus, it is necessary to
measure the human-orthosis interaction torques, to eval-
uate the user performance and status, in order to design
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a hybrid combination of force-position control. A simi-
lar method by means of the application of torque based
on the user interaction was evaluated using a wearable
device [22-24], where the knee joint torque is applied by
estimating the required joints’ muscle actuations. Another
method of assistance by just applying torques in the joints
has been demonstrated to provide assistive behaviour for
stroke individuals, with the trajectories being enforced by
the orthosis, Vanderbilt [25-27] and H2 [28]. A similar
study, enforcing the symmetry based gait compensation in
stroke individuals has been performed using HAL, based
on the movement of the unaffected limb. Such symmetry
based adaptation considers assistance for the swing phase
on the basis of the data compensated by the user [29, 30].
In case of incomplete SCI individuals, this type of assis-
tance cannot be viable, considering that the major concern
is in maintaining balance [31].

The combination of muscle synergies and neural sig-
nals for evaluating the volitional commands of the patient
has gained more importance in the recent years, as a top-
down approach in rehabilitation [32]. The detection of the
best instant for gait initiation and termination was per-
formed to develop a volitional control based robotic reha-
bilitation [22, 33]. This type of volitional input motivate
the user to initiate the therapy and subsequently improves
the ability of intention [34, 35]. User intention based reha-
bilitation can be implemented by different approaches
such as using an external input order (joystick) [36], mus-
cle activity [37], joint activity [38] or interaction/contact
forces [39]. One of the widely used approaches for mon-
itoring the human intention relies on the use of brain
machine interfaces(BMI) such as in Lokomat [40, 41] XoR
[42], Rex [43] and MINDWALKER [44]. These systems are
efficient in monitoring the user intentions mainly, because
a real displacement of the joint position is not needed
always to initiate the gait.

This work presents an assistive control strategy for indi-
viduals with incomplete SCI, using a wearable robot, to
perform user-dependent gait initiation and assistance, in
real time. The electroencephalographic (EEG) signals are
used to monitor the motor intention brain activity of the
patients at the beginning of every gait cycle, in order to
know if the patient is ready to start. This BMI-triggered
gait initiation approach ensures user involvement in the
therapy and their motivation in performing the task. Fur-
ther, a Finite-state machine (FSM) based control model is
used in this set-up which helps in combining these voli-
tional orders with the gait adaptation. For gait assistance,
the control model employs a variable impedance based
approach, without neither treadmill training nor an exter-
nal body weight support. The absence of weight compen-
sation carries with it the challenging task of maintaining
the equilibrium in presence of ground reaction forces.
The adaptive control strategy employs joint interaction
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torques for evaluating and reconstructing the exoskele-
ton’s joint performance to provide sufficient assistance
to the user. The goal of this work is to validate the
proposed BMI-triggered adaptive control model for pro-
viding the necessary assistive behaviour to incomplete
SCI individuals. The adaptive approach also enhances the
patients’ gait performance by considering their interac-
tion with the exoskeleton. This real time adaptation, based
on the hybrid combination of joint position and inter-
action torques, ensures synchronization among the joint
trajectories to maintain dynamic stability.

Volitional-adaptive control

A user specific control model can be realized by identify-
ing the two major actions involved: intentions and move-
ments of the user. User intentions or volitional orders
can be recognized either by following the user movement
in close contact (mechanical interaction) or by detecting
the motor-related brain activity of the user. In this work,
as shown in Fig. 1, the volitional control model involves
only monitoring the neural signals using BMI, with the
aim to determine the gait initiation. The adaptive control
model involves monitoring the joint angles and human-
orthosis interaction torques, from the exoskeleton and
calibrating the input stiffness order to each joint, based on
the user interaction. This volition based control exhibits
an adaptive assistance to different pathologies and mor-
phologies, which involves providing joint level assistance
and ensuring dynamic stability.

The dynamic analysis of such a human centered adap-
tive control model must consider the human-orthosis
interaction, in such a way that each joint actuator works
in collaboration with the patient. The applied actuator
torque can be modified by varying the joint stiffness
parameter, which invariably modifies the corresponding
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Fig. 1 Schematic representation of the volition based adaptive
control with BMI system and exoskeleton. BMI system triggers the
adaptive control model which initiates the exoskeleton movement
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joint trajectory and the force compensation (Fig. 1). This
stiffness variation alters the actuator torque, which sub-
sequently determines the degree of control transferred
from the orthosis to the human or vice versa. Such an
impedance control scheme has been widely used for its
compliant behaviour, which results in an adaptive walking
pattern and a more natural interaction between patient
and orthosis [31, 45-48]. Thus, the impedance control can
be determined by the following equation,

F = M9 + CQ + K (eref - eact) (1)

where, 0, and 0, are the reference and actual joint
positions respectively, K is the stiffness parameter of the
joint and F represents the applied force to the joint. M
represents the mass, C is the damping constant and a
and v represent the acceleration and velocity of the robot
respectively. Since the terms M and C are uncontrol-
lable and independent of the user performance, varying
the stiffness parameter K is effectual for modifying the
assistance or resistance to be provided. Hence the force
equation, influenced by the stiffness parameter and posi-
tion error, is represented as

F=K (eref - Qact) (2)

The value of the stiffness (K) is determined dynamically
for every joint, based on the performance of the user and
the level of assistance to be exerted by the orthosis. It can
be expressed as:

Kip1 = K + AK 3)

(eref - Gact)

AK =
s % max (Tpat)

(4)

where, max 7,4 is the vector of maximum values of
human-orthosis interaction torques, registered during the
initialization stage. s is a confidence factor (0.1 - 1) used
to determine the applied stiffness at time t+1 and indeed,
it is a vector of different confidence factor values specific
to each joint. The confidence factor helps the therapist
to individually assign the assistance level depending on
the user’s disability. The term AK is a vector of stiff-
ness variation to be applied to each joint, an incrementing
or decrementing factor, obtained by comparing the inter-
action torques and position error, with respect to the
predefined thresholds.

Both, the confidence factor s and the initial stiffness
K; are variable parameters which shall be defined by the
therapist in function of the capabilities of the patient.
This confidence factor can be assigned with respect to the
progress of the user, such as to modify the level of assis-
tance provided. A low confidence factor (0.1) means that
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the user must be completely assisted while a higher con-
fidence factor (0.9) indicates that the subject is capable of
walking without or with little assistance.

Similarly, a variation of the K value results in a change
in the force acting at the joint level which is per-
ceived as assistance or resistance by the patient. Thus,
the K value is incremented or decremented as a func-
tion of the evolution of the patient. The variation of
the stiffness is categorized as three cases, as shown
in Fig. 2;

1. When position error is over the threshold, then K
must be incremented.

2. If the position error is less than the error threshold,
but the interaction torque is over the corresponding
threshold, then K must be maintained.

3. If position error is below the error threshold and the
absolute interaction torque is low, then K must be
decreased.

This adaptation can be employed in general, even in the
presence of external perturbations. A detailed description
of this stiffness adaptation model is available in [38, 49].

Methods

The proposed volitional-adaptive gait assistance is based
on monitoring the patients’ motor activity and their inter-
action with the orthosis. Hence, the experimentation
section of this study involves two major systems: BMI and
Exoskeleton. A protocol has been defined to perform the
trials with incomplete SCI individuals. The performance
of the adaptive gait assistance is demonstrated by compar-
ing its results against those obtained by applying a con-
stant impedance value. The metrics for evaluation relies
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Fig. 2 Relation between the stiffness variation and the input
parameters: interaction torques and joint angles
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only on the data provided by the exoskeleton, without the
need of any external sensors.

Participants

The presented study is performed with 4 incomplete
SCI individuals with different morphological parameters,
which helped in observing the diversified behaviour of
the strategy. The demographic details about the partic-
ipants are mentioned in Table 1. These incomplete SCI
patients were selected at the Hospital Nacional de Para-
pléjicos, in Toledo (Spain), with gait prognosis and at the
early stages of walking rehabilitation. Other requirements
for the patients were to maintain balance between parallel
bars; and to keep sufficient upper-limb strength to manage
a walker or crutches, and to transfer from the wheelchair
to a chair. All the subjects were informed about the study
and a written consent was obtained before the session.
The experimental study has been carried out after the for-
mal approval of the local ethical committee of the hospital,
Hospital Nacional de Parapléjicos-Toledo, Spain (C.E.I.C
- 31/02/2014).

Protocol

The clinical protocol was defined based on the abilities of
the patient and their conditions. The subjects performed
an initial walking trial with a fixed stiffness and manual
triggers as BMI inputs, to analyse the necessary walking
assistance and to ensure that the patients get accustomed
to the orthosis. An optimized gait pattern, obtained from
the average of five healthy subjects, was used as a refer-
ence in the fixed stiffness mode. In the following sessions
the patients were assisted based on the adaptive stiffness
variation with respect to their interaction. In this case, the

Table 1 Demographic details and ASIA impairment scale of the
participants

PO1 P02 P03 P04
Age 30 24 49 21
Gender M M F M
Height (m) 1.85 192 1.6 1.8
Weight (kg) 90 57 76 57
Level of Lesion L1 L1 T12 T11
Left leg Muscle test 8 13 6 9
(max 25)
Right leg Muscle test 12 8 11 19
(max 25)
ASIAY @ C @ @
Time after injury 12 24 11 5
(months)
Etiology Trauma Trauma Trauma Trauma

ASIA-American Spinal Injury Association’s impairment assessment scale
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exoskeleton adapts to the patients’ pattern and varies the
stiffness based on the interaction torques, while following
the predefined trajectory. Hence, the walking experiment
was performed in 3 sessions, performed in 3 consecutive
days: Fixed stiffness (first session) and variable stiffness
(next 2 sessions).

Each session lasted for a time span of 60-90 min, which
includes the time for wearing the exoskeleton and the BMI
calibration. Since the patients were not able to maintain
their equilibrium for a long period of time, the joints of the
exoskeleton were maintained rigid (90Nm/deg stiffness)
during the BMI calibration. The fixed stiffness values
were chosen heuristically based on the studies performed
with healthy subjects. Based on these preliminary studies
conducted with healthy subjects [38, 49], the initial stiff-
ness and confidence factor for all the SCI patients and
joints, for the adaptive stiffness study, were assumed to
be 80Nm/deg and 0.6 respectively. The confidence fac-
tor and the stiffness values were also maintained the same
for all the patients, considering their similar impairment
level. We impose equal initial values, for all the joints and
all the patients, to evaluate the adaptability of the algo-
rithm independent of patients’ specific health condition.
The number of gait cycles per session has been defined
based on a probabilistic study by comparing the fixed and
variable stiffness conditions. The sample size returned a
power of 0.9852, with z-test probability method, for a min-
imum of 10-15 gait cycles. Hence, each session comprised
of a maximum of 20 gait cycles, taking into account the
physical level of the participants involved. Since some of
the users were not comfortable with walkers and crutches,
parallel bars were used as external support for this experi-
mentation. A detailed study about the pre and post clinical
evaluations of the participants has been presented in [50].

Volitional control using brain-machine interface

The volitional control was implemented by monitoring
the brain activity related to movement intentions. A
BMI was developed to record the brain activations over
the motor cortex in order to identify when the patients
wanted to move their leg. When these intentions were
decoded, they generated a trigger for initiating the move-
ment of the orthosis.

The setup of the BMI consisted of a commercial g.Tec
system (g.Tec GmbQG, Graz, Austria) with 2 amplifiers and
32 EEG electrodes placed over the scalp, according to the
international 10/10 standard. The EEG amplifiers were
carried by the subjects in a backpack, and connected to a
laptop which processed the neural signals. The process-
ing was done with custom-made C++ software, integrated
with Matlab scripts.

The BMI movement intention decoder was calibrated
using previously recorded data before starting the closed
loop operation of the system. The patients were asked
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to stand between the parallel bars, wearing the exoskele-
ton blocked in a resting position, and to rest or to try to
move their right leg upon auditory cues. They performed
60 repetitions of rest and movement attempt, and the
EEG signals recorded during those periods were used to
estimate the brain patterns that controlled the movement
onset of the orthosis.

As features to decode these movement attempts, we
used the EEG electrodes placed over the sensorimotor
cortex (i.e., FC3, FCz, FC4, C3, C1, Cz, C2, C4, CP3,
CP1, CPz, CP2, and CP4) and computed the event-related
desynchronization (ERD) of the sensorimotor rhythms
and the movement-related cortical potentials (MRCP).
These are two well-studied correlates of movement that
can be used to estimate the onset of a movement with
a good temporal precision [51], even in patients with
SCI [52]. Therefore, every time that the BMI decoded a
movement intention command, it sent a trigger to the
finite-state machine (FSM), which used it to move the
orthosis when appropriate.

Adaptive control with Exoskeleton H1

The proposed adaptive control approach for gait assis-
tance is evaluated using H1, a lower limb exoskeleton.
H1 is a 6 DoF (degree of freedom) wearable lower limb
orthosis with an anthropomorphic configuration to assist
individuals with incomplete SCI or Stroke. The exoskele-
ton, shown in Fig. 3, has been built within the framework
of the Hyper* project. H1 has three joints for each leg:
hip, knee and ankle, with each joint powered by a DC
motor coupled with a harmonic drive gear. The exoskele-
ton is equipped with potentiometers and strain gauges to
measure the joint angles and human-orthosis interaction
torques on the links respectively. The exoskeleton per-
mits a stiffness value within the range of 1 — 100Nm/deg.
A low stiffness value (< 10Nm/deg) will not cause any
significant effect on the user’s performance. Similarly, a
high stiffness value (> 80Nm/deg) will provide a com-
pletely assisted movement, with few or no input from
the user [53]. A detailed description about the hardware
components and functioning can be studied in [28].

Finite-state machine

Event based control approaches are highly appreciated
in combinational therapies to make an efficient use of
the appropriate tools at different stages of the gait cycle.
These event-based gait initiation ensures the real time
coordination among the different tools and improves the
rehabilitation training methodology [24, 54—56]. Finite
state machine (FSM) based BMI correlation with move-
ments are also been used to improve the efficacy of the
volitional orders in rehabilitation [40]. In this study, a
FSM control model is used to ensure the combination of
BMI-exoskeleton and to provide sufficient pause between
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Fig. 3 Experimental Setup with an incomplete SCI patient wearing
the Exoskeleton, H1, and BMI system

the different states of the experiment, as shown in Fig. 4.
This experimentation is categorized into four states with
specific time assigned for each state: Rest, Preparation,
Movement attempt and Movement. The time assigned to
each state of the clinical protocol was defined based on the
previous study with upper limb rehabilitation [57]. Fur-
ther, the timings of the FSM were decided by our medical
team to provide enough time to rest and to perform the
task in a safe and effective manner. These timings were
specifically designed for the task and population involved
in this study.

After 5s

PREPARATION

After 10s

MOVEMENT
ATTEMPT

MOVEMENT

Before 3s & BMI =1

Fig. 4 Schematic representation of the FSM-based clinical protocol;
the auditory cue is provided in the preparation state and in the

beginning of movement attempt state

An auditory cue is provided during the preparation and
movement attempt, indicating the patient to concentrate
in the movement. The BMI signal is monitored only in
the Movement attempt stage, which is further used as the
trigger to initiate the movement of the exoskeleton. In
any case, if there is no-attempt made by the patient, the
machine progresses towards the resting period. Each cycle
of the protocol lasts between 20-25 s, including the resting
period. The movement time state comprises of the max-
imum duration (10seconds) needed to complete one gait
cycle (2 steps), which further depends on the pace and
performance of the patient. Indeed, one gait cycle can be
completed within 6seconds. These timings could be mod-
ified/ personalized depending on different set-up’s, such
as using a robotic exoskeleton with full weight support, or
for patients with a higher balance control.

Evaluation

The gait adaptation strategy presented in “Volition-
al-adaptive control” section is evaluated by comparing the
evolution of the user performance against the application
of constant stiffness values.

An adaptive assistance in the joint should assist and
motivate the patient to pursue their maximum flex-
ion/extension movement in the joint which also results in
a change in behaviour of the interaction torques. Hence,
performance in this work is evaluated by monitoring
the maximum joint angles and interaction torques. An
optimal performance is assumed to produce maximum
movement range (flexion/extension) and an increase of
the interaction torques in the knee joint. The trajectories
of the patients are also recorded to analyse the pattern
and freedom of the joint movement.The stiffness varia-
tion is also monitored to demonstrate the adaptability of
the patient with the orthosis. High stiffness values are
expected for joints that need assistance and low values for
the rest.

Performance of the presented FSM-based Adaptive con-
trol approach is evaluated by monitoring the response
time. Response time is given by the onset of BMI trig-
ger and the gait movement initialized. If there is no BMI
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trigger received in the movement attempt state, it is con-
sidered as a trial missed by the participant.

One-way repeated measures ANOVA tests were con-
ducted to evaluate the significance of movement range of
motion over the course of three sessions. Statistical sig-
nificance (o) was set at 0.05. A paired t-test procedure
with a Bonferroni correction was performed to identify
the significant differences between the fixed assistance
and adaptive assistance scenario using the exoskeleton.
Since two of the participants were not able to complete
the total number of 20 trials in session 2, the statisti-
cal comparison between the significant differences was
performed only with recorded information from sessionl
and session 3.

Results
The proposed adaptive control strategy has been tested
and evaluated with four incomplete SCI individuals.
As a pilot study, this control approach was first eval-
uated with healthy subjects, without a BMI system
[38, 49].

The efficiency of the adaptive assistance provided by the
control model is evaluated for every patient in comparison
with their individual gait pattern, obtained by applying the
fixed stiffness. The maximum and minimum knee flexion
angles obtained at the end of each session is taken and the
mean and standard deviation value within n gait cycles of
each session is considered for the analysis of patient evolu-
tion, as illustrated in Fig. 5. This maximum and minimum
flexion angles evaluates the adaptation performed by con-
sidering the patients movement in their optimal condi-
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tions and in presence of fatigue. The stiffness adaptation
performed for each user, for knee joint, is observed within
a range of 80 &= 5Nm/deg, as shown in Fig. 5. The stiffness
relaxation is observed more in the session 3, indicating
the exoskeleton’s adaptation to the users’ movement. Sim-
ilarly for the hip joint 80 & 2Nm/deg and the ankle joint
82 + 4Nm/deg, Fig. 6. The hip joints showed minimum
variations in comparison with the knee and ankle joints,
because of the lateral compensation. High stiffness vari-
ation is observed in the knee joint, as a result of the
flexion/extension movement performed, but also stabi-
lized within a range at the end of 10 to 15 trials. The hip
and ankle joint showed a minimum stiffness variation in
comparison with knee joint, because of its biomechanical
properties.

Table 2 illustrates the mean and standard deviation of
the stiffness variations and knee flexion angles observed
over the course of three sessions. The response time and
number of gait trials performed is also presented to evalu-
ate the significance of the FSM based control model in gait
training. The number of misses and gait trials performed
are evaluated based on the gait triggers received within
the movement attempt state. Response time evaluates the
efficacy of the FSM based control approach in a volitional
based adaptive control model. Lower time stamps indi-
cate that the user has initiated the movement within the
movement attempt state.

The results of the Patient POl are used to explain the
volitional-adaptive control and its effect in the patient per-
formance. The joint trajectories and interaction torques
of the patient in the fixed stiffness session is presented in
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Fig. 5 Mean and Standard deviation of the knee flexion angles and Stiffness adaptation observed in both legs of the 4 patients in each session
(S1,S2 and S3); Patient P04 had a high sensibility in both the legs which resulted in a similar range of assistance after both sessions. Note that in
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Fig. 6 Stiffness adaptation performed for each patient, for 15 gait trials, in session 3. The hip joints showed minimum variations in comparison with
the knee and ankle joints, because of the lateral compensation

Fig. 7. The interaction torques of the left leg is found lower
and in negative direction, due to the complete assistance
provided by the exoskeleton, for instance at time ¢ = 32s
its —20Nm and —12Nm in the knee and ankle joints
respectively. The right leg showed more positive interac-

tion torques, +20 Nm in knee and +20Nm in ankle at
t = 30s. At the end of each gait cycle, the stiffness of the
joints is increased to 90 Nm/deg which helps the patient
to keep their knee joint rigid, to maintain the equilibrium
position.

Table 2 Detailed analysis of the results obtained with the FSM-based control model

Patient ID Session Gait trials Number of Stiffness (Nm/deg) Flexion angles (deg) Response time?
performed trials missed? LK RK LK RK (s)

1 20 0 80 80 4942 53+ 1 -

PO1 2 24 10 83+£3 82+3 48 £1 54+£2 0.82 + 0.66
3 24 12 81 %5 81+£2 49 +1 54+£1 0.85 £ 0.63
1 40 0 80 80 50+2 55+3 -

P02 2 2¢ 0 83+3 84+ 4 48+ 2 55%£2 0.92 £ 0.24
3 25 4 82+5 82+t4 50£1 54+£2 0.66 £ 041
1 27 0 80 80 49 £1 50+2 -

PO3 2 7¢ 0 83 %2 83£2 47 £ 2 501 089+£0.14
3 23 8 81+£3 81+2 49 £1 51+2 0934076
1 32 0 80 80 4942 53+£2 -

P04 2 9 13 83+3 84+ 4 48 £ 1 53%2 1.18 £0.25
3 19 10 82+5 82+3 4942 55£2 0.81 £0.56

LK- Left Knee; RK - Right Knee
Mean = averaged across the session, SD = Standard deviation
Session 1 was performed with the Fixed stiffness and Manual trigger; Session 2 & 3 with variable stiffness and BMI trigger
“Number of trials missed = Total trials-gait trials performed

’ Response time = Onset of BMI trigger- Movement Attempt state
“Trials were interrupted due to temporal restrictions of the patient
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Fig. 7 Joint trajectories and interaction torques of the patient P01, with fixed stiffness (80Nm/deg); Note: Joint stiffness is increased to 90 Nm/deg at
the end of each gait cycle, indicated by brown line
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Fig. 8 Joint trajectories and interaction torques of the patient PO1 with adaptive stiffness; Gait initiation occurs with the onset of BMI trigger (green
line) at the beginning of each gait cycle. BMI triggers received at the movement attempt stage are only considered for the gait initiation. The control
states indicate the transition between different states indicated in the FSM and the BMI trigger received at the movement attempt stage
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In case of the variable stiffness, the interaction torque is
initially observed low and the angles are also within a sim-
ilar range, as shown in Fig. 8. After a few series of trials,
the interaction torques in the left leg gradually increased
due to the influence of the adaptive stiffness, motivating
the patient to pursue the movement (Fig. 8), which sub-
sequently resulted in gradual increase in the knee flexion
movement. For instance at time ¢ = 30s, a maximum
torque of 12 Nm is observed which gradually increases to
24 Nm at t = 80s, even within after series of 5 gait tri-
als. A similar change in the interaction torques is observed
in the hip and ankle joints. The predefined gait pattern is
used to guide the patient movement and not impose/force
to follow the desired trajectory. Different maximum knee
flexion movement in both legs shows the independent
stiffness adaptation performed. The participants showed
an effective improvement in their performance, which can
be identified by the different maximum knee flexion in
both legs.

The stiffness value of the knee joint is different in right
and left leg because of the performance and interaction
of the user. The minimum variation and higher stiffness
value in the ankle joint stiffness is a result of the biome-
chanical property of the ankle joint, withstanding joint
position to maintain equilibrium. The resulting maximum
flexion from the fixed and adaptive stiffness is compared
to demonstrate the adaptive behaviour and assistance of
the exoskeleton, Fig. 9. The maximum flexion of the knee
joint coincides with the change in the hip trajectory which
explains the compensatory movement performed by the
patient.
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A repeated measures ANOVA with a Greenhouse-
Geisser correction determined that there is significant
difference in the movement range of motion among the
three sessions F(1,19) = 22.814,p < .0005. Paired t-test
with Bonferroni correction determined that there is sta-
tistically significant difference in the movement range of
motion within the three sessions £(19) = —4.776,p =
.0009. Further, individual subject performances were also
analysed and a significant difference (p < 0.05) was
observed for all the subjects except for patient P04
(£(25) 3.419,p .076). Therefore, we can con-
clude that an adaptive control model can improve the gait
training in comparison with a fixed assistance approach.

Discussion

A volitional-based adaptive control model for perform-
ing gait training with a wearable exoskeleton has been
tested and evaluated with four incomplete SCI individ-
uals. The paper elaborates the first evaluation of the
presented control model, using the interaction torques,
with patients with motor dysfunction. The adaptive con-
trol model introduced in this article provides sufficient
assistance to the patient to perform the movement along
with ensured active participation. The active participa-
tion of the patient is needed throughout the therapy to
make an effective contribution out of therapy [58—60]. In
this work, active participation is ensured by the inclusion
of the human-orthosis interaction torques in the adap-
tive control model, along with the trajectory deviation.
Further, the motor related neural activity of the patient,
identified by using the BMI system, is used as a trigger

M

— Session 1
== Session 2
==== Session 3

[AXIMUM KNEE FLEXION

KNEE (deg)
H

LR
b e e e e e e %
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and 3 represents the adaptive assistance provided

Fig. 9 Maximum flexion of Left knee of the patient P01, at the end of each session; Note: Session 1 was performed with fixed stiffness and Sessions 2

35 40
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to initiate the gait movement. Both the human-orthosis
interaction and neural activity can be deemed as the voli-
tional orders from the user, which in turn helps to avoid
slacking. This combination of therapeutic tools, to mon-
itor the neural activity and joint activity, motivates the
patient to pursue the therapy with high diligence and helps
in improving their movement [61].

The use of a FSM model ensured that the output from
the BMI system is accessed only in the gait initiation
stages and to avoid the interruptions of the neural signals
throughout the gait movement. The FSM model disre-
gards the BMI triggers which are received outside the
movement attempt state, thus ensuring the safe and effec-
tive use of the combined tools. The onset of the BMI
trigger initiates the gait movement followed by the stiff-
ness adaptation (Fig. 9). The time lapse between the onset
of BMI trigger and the gait initiation is observed to be
< 2s, which evaluates the real time response of the system.
The efficient BMI tracking followed by the gait initiation
response was helpful in motivating the patient to pursue
the movement and further helping them to avoid slacking.

Adaptive control approaches help in providing the suit-
able support to the user in real time and to ensure sta-
bility by maintaining high endurance in specific joints.
The design of such adaptive control models helps in
choosing the specific action to be performed in each
joint whilst maintaining synchronization among the other
joints. The synchronization among the joints is another
way to ensure the stability but also involves imposing a
trajectory to be followed in each joint [62]. Several exist-
ing models of adaptive controllers are capable of providing
the necessary arrangements in the rehabilitation scenario
[7, 63, 64]. Stiffness based adaptation are capable to
provide efficient solutions with multiple combination of
devices. The use of adaptive stiffness can be deemed as a
bio-inspired strategy [54], due to the existence of a simi-
lar mechanism in healthy walking individuals. The use of
stiffness based approach helps in maintaining the equi-
librium, keeping the knee joint rigid, whilst providing
sufficient assistance to the movement.

A control model based on fixed stiffness value cannot
provide sufficient assistance or resistance, with respect
to the movement. In case of a fixed high stiffness, the
function of the exoskeleton is almost similar to that of
position control; thus the error with respect to the refer-
ence trajectory will be the minimum. Similarly, with high
fixed stiffness, the patients demonstrated high interaction
torques (Fig 8), which can be a result of the opposition
force applied by the patient or due to some uncomfort-
able movement performed by the patient, out of their
capabilities. For instance, the left leg of the patient P01
was comparatively weak and was completely assisted by
the exoskeleton’s movement. This assistance helped the
patient in achieving the necessary flexion angles but with
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the negative interaction torques. Fixed stiffness assists or
forces the patient to follow the reference trajectory, but
the behaviour of the interaction torques explains the kind
of movement pursued by the patient especially in the
weaker leg. The maximum knee flexion angle, obtained
by applying fixed stiffness, is used to evaluate the perfor-
mance of the adaptive stiffness approach. Simultaneously,
the interaction torque is monitored to analyse the effi-
ciency of the real time stiffness adaptation provided by the
proposed control strategy.

In the adaptive stiffness case, there is a change in the
behavior of the interaction torques (positive direction) as
the user was not being forced to perform a trajectory,
similarly to other works [24]. The walking trajectory of
the patient was not adapted to the unaffected leg, which
helps in providing assistance independently, as showed in
the case of stroke patients in [25, 30]. In some cases, the
patient applied a similar force but could not reach a flex-
ion angle similar to the fixed stiffness mode. The patients
applied a compensatory walking by modifying the hip
movement with respect to the knee flexion, which chal-
lenged the stiffness adaptation to be performed in real
time. An increase in the maximum knee flexion move-
ment is observed in both legs, which invariably signify
the adaptive assistance provided. Further, the evolution
of the stiffness value does not follow a similar pattern
for all the joints and converges to a narrow range after a
series of trials. The stiffness variation was in coordination
with the flexion and extension movements, especially with
the knee joint. The increment in the interaction torques
(towards positive direction) demonstrated the efficiency
of the adaptive stiffness approach, which helps the patient
to perform a movement in the weaker leg. This joint stiff-
ness variation results in exerting an assistive or resistive
behaviour, depending on the direction of the movement,
similar to the flexion-extension movement of the joint.
All the patients, except for P04, demonstrated an increase
in the knee flexion movement, at the end of two adap-
tive stiffness sessions. The patient P04 was reported with
a high sensibility in both the legs, which might be a rea-
son for the no-significant change in behaviour of the joint
flexion limits.

The stiffness adaptation provided to the patients was
based on the assigned individual confidence factor.
The confidence factor helps in moderating the assistive
behaviour and to ensure that sufficient assistance was pro-
vided, subjective to the patients’ individual performance.
Based on the preliminary studies conducted with healthy
subjects [38, 49], we can emulate the influence of the lower
to higher confidence factors in the stiffness adaptation
provided. In this work, a constant confidence factor (0.6)
was considered for all the patients because of the simi-
lar level of impairment and performance. An interesting
property of this control approach is that the confidence
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factor can also be modified during a therapy as a param-
eter that evolves with the progress in recovery of the
patients. In case of healthy subjects the confidence fac-
tor was assumed to be 0.9 and the stiffness adaptation
was observed in a minimum level such as to provide less
assistance [49].

In this work, the hip joint of all the patients, showed
a little variation in the joint stiffness and more adaptable
behaviour in real time without imposing a trajectory. In
most cases the subjects tried to compensate the move-
ment by modifying the trajectory of the hip joint which
helped in realizing increased knee flexion movement.
This compensatory movement is observed even in nor-
mal walking as a consequence of muscle weakness, as
presented in [65]. The stiffness variation for the hip joint
was observed lesser than the variation in the knee and
ankle joint. This might be due to the lateral movement
of the user’s hip joint which compensates the joint trajec-
tory, as other works have shown in [66, 67]. The lateral
hip movement helps in maintaining the equilibrium and
stability. Since the exoskeleton H1 is a planar robot, the
lateral hip movement cannot be monitored; however this
orthosis limitation does not affect the proposed control
strategy. The interaction torques, in case of the adaptive
stiffness, showed a major variance in comparison with the
fixed stiffness output. This was obviously due to the suffi-
cient assistance provided to the weaker legs, compared to
the leg with better mobility. The leg trajectory showed a
progressive change as a result of the increase in the inter-
action torques. The flexion and extension movement of
the knee joint is essential in walking for maintaining the
transition between gait phases. This repetitive movement
in the knee joint also reflected in the stiffness adapta-
tion performed, which is observed to stabilize after a few
gait trials.

The use of BMI in rehabilitation therapies is a step for-
ward towards combining individual tools to ensure an
advancement in therapy, which is deemed as a top-down
approach [32]. These BMI based systems have proved to
improve the motor cortex ability of physically impaired
patients while being trained for a long-term [68-70]. In
the present study, the BMI system is used as a volitional
order to trigger the gait movement, ensuring the user
involvement in therapy and to train the motor cortex
[71]. It allowed processing the brain activity of the sub-
jects in order to detect when they wanted to move, and
start accordingly the movement of the exoskeleton. On
average, the BMI detected correctly the movement inten-
tion of the SCI subjects in 77.61 £ 14.72% of the trials
they performed [51]. These performance values are in line
with the current state of the art in BMI-based movement
intention decoding with SCI patients, which are generally
lower to the values achieved by healthy subjects due to the
higher difficulty of performing the task for patients with
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poor balance, and to the differences in the cortical activ-
ity that difficult the detection of their motor commands
with BMI's [72]. These results are relevant as they were
obtained in a realistic environment, with special empha-
sis in the safety and usability, and involving a population
of patients what could potentially benefit from this type of
rehabilitative intervention [51].

Although, the current volitional-based adaptive control
model has been evaluated with four SCI individuals, the
results obtained are convincing in terms of improved free
range of motion in the knee joint and interaction torques
in all the joints. This feasibility study helped in convinc-
ing that the control approach is favourable in terms of
appreciating the residual motor development in SCI indi-
viduals. The current state of the art in non-invasive BMI’s
does not allow a fine control in noisy environments, or
in different tasks such as turning to different directions
or stopping, mainly due to the contaminations that affect
the EEG signals due to the motion of the subjects (i.e.,
artifacts). On the other hand, the adaptive control stud-
ied and evaluated in the present study is independent of
those aspects, and it modifies the impedances to adapt the
joints’ trajectories in real-time, regardless of the phase of
the gait or other external factors. A detailed study with a
longer period of training and continuous practice with the
wearable exoskeleton will help in describing the control
approaches efficiency and also make it viable for a wider
group of participants.

Conclusion

A volition-based adaptive walking strategy has been eval-
uated in function of the position and human-orthosis
interaction torque, thus ensuring a beneficial and safe
therapy. The strategy has been evaluated and tested with
four incomplete spinal cord injury individuals. The voli-
tional commands from the BMI system, by monitoring
the motor activity of the patient, are determined at the
beginning of each gait cycle. The experimental results
showed that the user’s gait intention was recognized
effectively and followed by the leg movement. Similarly,
the stiffness value of each joint adapts dynamically to
the user needs and keeps the joint positions bounded
within the limits of the reference gait, in real time. The
interaction torques of the weaker leg gradually increased
over the course of the trials also maintaining the same
joint positions limits, evidence of the user motivation.
The wearable robot was tested with no body weight
compensation, which shows the reliability of the con-
trol strategy for ensuring the minimum dynamic stability
needed for the experiments using handrails, in presence
of ground reaction forces. The performance of the pro-
posed control method was evaluated by comparing the
results of the adaptive assistance against fixed stiffness
trajectory.



Rajasekaran et al. Journal of NeuroEngineering and Rehabilitation

Abbreviations

ASIA: American spinal injury association; ANOVA: Analysis of variance; BMI:
Brain-machine interface; EEG: Electroencephalography; ERD: Event-related
desynchronization; FSM: Finite-state machine; MRCP: Movement-related
cortical potentials; SCI: Spinal cord injury

Acknowledgement
Not Applicable.

Funding

This research was supported by project HYPER(Hybrid Neuroprosthetic and
Neurorobotic devices for functional compensation and rehabilitation of motor
disorders), grant CSD2009-00067 CONSOLIDER-INGENIO from MINECO
(Spanish Ministry for Science and Education). This research is also partially
supported by project AURORA, DPI2015-70415-C2-1-R, Distributed control
strategies and human-robot cooperation in health care settings, funded by
the Spanish Ministry of Economy and Competitivity, MINECO.

E. Lopez-Larraz was supported by the Fortiine Program of the University of
Tubingen (2422-0-0) and the BMBF projects FKZ 13GW0053 and FKZ 165V7754.

Availability of data and materials
The datasets used in this analysis are available from the corresponding author
on reasonable request.

Authors’ contributions

VR and JA developed the adaptive control strategy; ELL and LM were
responsible for the brain machine interface system; FTA and AJA conducted
the pre and post clinical evaluation of the patients; JLP was responsible for the
exoskeleton and funding; VR, ELL and FTA performed the experiments, VR
drafted the manuscript with contributions from ELL and FTA about the BMI
system and clinical study respectively. JA, LM, AJA and JLP reviewed the
contents and made substantial improvements. All authors read and approved
the final manuscript.

Ethical approval and consent to participate

The experimental study has been carried out after the formal approval of the
local ethical committee of the hospital, Hospital Nacional de
Parapléjicos-Toledo, Spain (C.E.L.C-31/02/2014). All the subjects were informed
about the study and a written consent was obtained before the session.

Consent for publication
Not Applicable.

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

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

Author details

1School of Computer Science, University of Birmingham, Birmingham, UK.
2|nstitute of Medical Psychology and Behavioral Neurobiology, University of
Tubingen, Tubingen, Germany. 3Biomechanics and Technical Aids unit,
National Hospital for Spinal cord injury, Toledo, Spain. *Departamento de
Automatic e Control, Universitat Politécnica de Catalunya, Barcelona-Tech,
Barcelona, Spain. > Departamento de Informatica e Ingenerfa de Sistemas and,
Instituto de Investigacion en Ingeneria de Aragon (13A), University of Zaragoza,
Zaragoza, Spain. ®Neural Rehabilitation group, Spanish National Research
Council (CSIQ), Cajal Institute, Madrid, Spain.

Received: 16 November 2016 Accepted: 20 December 2017
Published online: 03 January 2018

References

1. Dollar AM, Herr H. Lower extremity exoskeletons and active orthoses:
Challenges and state of the art. IEEE Trans Robot. 2008;24(1):144-58.
http://dx.doi.org/10.1109/tr0.2008.915453.

2. Waldner A, Werner C, Hesse S. Robot assisted therapy in
neurorehabilitation. Eur Med Phys. 2008;44:1-3.

(2018) 15:4

20.

Page 13 of 15

Tucker MR, Olivier J, Pagel A, Bleuler H, Bouri M, Lambercy O, Millan
JDR, Riener R, Vallery H, Gassert R. Control strategies for active lower
extremity prosthetics and orthotics: a review. J NeuroEng Rehabil.
2015;12(1).. http://dx.doi.org/10.1186/1743-0003-12-1.

Yan T, Cempini M, Oddo CM, Vitiello N. Review of assistive strategies in
powered lower-limb orthoses and exoskeletons. Robot Autonomous Syst.
2015;64:120-36. http://dx.doi.org/10.1016/j.robot.2014.09.032.
Reinkensmeyer DJ, Boninger ML. Technologies and combination
therapies for enhancing movement training for people with a disability.
JNeuroeng Rehabil. 2012;9(17).. http://dx.doi.org/10.1186/1743-0003-9-17.
Esclarin-Ruz A, Alcobendas-Maestro M, Casado-Lopez R, Perez-Mateos
G, Florido-Sanchez MA, Gonzalez-Valdizan E, Martin JL. A comparison of
robotic walking therapy and conventional walking therapy in individuals
with upper versus lower motor neuron lesions: a randomized controlled
trial. Arch Phys Med Rehabil. 2014;95(6):1023-31. http://dx.doi.org/10.
1016/j.apmr.2013.12.017.

Fleerkotte BM, Koopman B, Buurke JH, Van Asseldonk EHF, Kooij HVD,
Rietman JS. The effect of impedance controlled robotic gait traning on
walking ability and quality in individuals with chronic incomplete spinal
cord injury: an explorative study. J Neuroeng Rehabil. 2014;11(26). http://
dx.doi.org/10.1186/1743-0003-11-26.

Veneman JF, Kruidhof R, Hekman EEG, Ekkelenkamp R, Van Asselsdonk
EHF, Kooij HVD. Design and evaluation of the lopes exoskeleton robot for
interactive gait rehabilitation. IEEE Trans Neural Syst Rehabil Eng.
2007;15(3):379-86. http://dx.doi.org/10.1109/tnsre.2007.903919.
Meuleman J, van Asseldonk E, van Oort G, Rietman H, van der Kooij H.
Lopes ii - design and evaluation of an admittance controlled gait training
robot with shadow-leg approach. IEEE Trans Neural Syst Rehabil Eng.
2016;24(3):352-63. http://dx.doi.org/10.1109/tnsre.2015.2511448.
Lunenburger L, Colombo G, Riener R, Dietz V. Biofeedback in gait
training with the robotic orthosis lokomat. In: Proceedings of the 26th
Annual International Conference of the IEEE EMBS. 2004. p. 4888-91.
http://dx.doi.org/10.1109/iembs.2004.1404352.

Hussain S, Xie SQ, Liu G. Robot assisted treadmill training: Mechanisms
and training strategies. Med Eng Phys. 2011;33:527-33. http://dx.doi.org/
10.1016/j.medengphy.2010.12.010.

Hussain S, Xie SQ, Jamwal PK. Control of a robotic orthosis for gait
rehabilitation. Robot Autonomous Syst. 2013;61:911-9. http://dx.doi.org/
10.1016/j.robot.2013.01.007.

Hornby TG, Campbell DD, Kahn JH, Demott T, Moore JL, Roth RH.
Enhanced gait-related improvements after therapist-versus
robotic.assisted locomotr training in subjects with chronic stroke: a
randomized controlled study. Stroke. 2008;39:1786-92. http://dx.doi.org/
10.1161/strokeaha.107.504779.

KazerooniH, Racine JL, Huang L, Steger R. On the control of the berkeley
lower extremity exoskeleton (bleex). In: IEEE International Conference on
Robotics and Automation, ICRA. Barcelona: IEEE; 2005. http://dx.doi.org/
10.1109/ROBOT.2005.1570790.

van Dijk W, van der Kooij H. Xped2: A passive exoskeleton with artificial
tendons. IEEE Robot Automation Mag. 2014:56-61. http://dx.doi.org/10.
1109/mra.2014.2360309.

Strausser KA, Kazerooni H. The development and testing of a human
machine interface for a mobile medical exoskeleton. In: IEEE/RSJ
International Conference on Intelligent Robots and Systems. San
Francisco: IEEE; 2011. p.4911-6. http://dx.doi.org/10.1109/iros.2011.
6048674.

Talaty M, Esquenazi A, Briceno JE. Differentiating ability in users of the
rewalk powered exoskeleton. In: IEEE International Conference on
Rehabilitation Robotics. Seattle: [EEE; 2013. p. 1-5.

Marchal-Crespo L, Reinkensmeyer DJ. Review of control strategies for
robotic movement training after neurologic injury. J NeuroEng Rehabil.
2009;6(20).. http://dx.doi.org/10.1186/1743-0003-6-20.

Anam K, Al-Jumaily AA. Active exoskeleton control systems: State of the
art. Procedia Eng. 2012;41:988-94. http://dx.doi.org/10.1016/}.proeng.
2012.07.273.

Landau ID, Lozano R, M'Saad M, Karimi A. Introduction to adaptive
control. In: Adaptive Control: Algorithms, Analysis and Applications.
Springer Science & Business Media; 2011. p. 1-29.

. Anwar T, Jumaily AA. Patient cooperative adaptive controller for lower

limb robotic rehabilitation device. In: 2014 IEEE International Advance
Computing Conference (IACC). Gurgaon: IEEE; 2014. p. 1469-74. http://
dx.doi.org/10.1109/IAdCC.2014.6779542.


http://dx.doi.org/10.1109/tro.2008.915453
http://dx.doi.org/10.1186/1743-0003-12-1
http://dx.doi.org/10.1016/j.robot.2014.09.032
http://dx.doi.org/10.1186/1743-0003-9-17
http://dx.doi.org/10.1016/j.apmr.2013.12.017
http://dx.doi.org/10.1016/j.apmr.2013.12.017
http://dx.doi.org/10.1186/1743-0003-11-26
http://dx.doi.org/10.1186/1743-0003-11-26
http://dx.doi.org/10.1109/tnsre.2007.903919
http://dx.doi.org/10.1109/tnsre.2015.2511448
http://dx.doi.org/10.1109/iembs.2004.1404352
http://dx.doi.org/10.1016/j.medengphy.2010.12.010
http://dx.doi.org/10.1016/j.medengphy.2010.12.010
http://dx.doi.org/10.1016/j.robot.2013.01.007
http://dx.doi.org/10.1016/j.robot.2013.01.007
http://dx.doi.org/10.1161/strokeaha.107.504779
http://dx.doi.org/10.1161/strokeaha.107.504779
http://dx.doi.org/10.1109/ROBOT.2005.1570790
http://dx.doi.org/10.1109/ROBOT.2005.1570790
http://dx.doi.org/10.1109/mra.2014.2360309
http://dx.doi.org/10.1109/mra.2014.2360309
http://dx.doi.org/10.1109/iros.2011.6048674
http://dx.doi.org/10.1109/iros.2011.6048674
http://dx.doi.org/10.1186/1743-0003-6-20
http://dx.doi.org/10.1016/j.proeng.2012.07.273
http://dx.doi.org/10.1016/j.proeng.2012.07.273
http://dx.doi.org/10.1109/IAdCC.2014.6779542
http://dx.doi.org/10.1109/IAdCC.2014.6779542

Rajasekaran et al. Journal of NeuroEngineering and Rehabilitation (2018) 15:4

22.

23.

24.

25.

26.

27.

28.

29.

30.

31
32

33.

34.

35.

36.

37.

38.

39.

Hassani W, Mohammed S, Rifai H, Amirat Y. Powered orthosis for lower
limb movements assistance and rehabilitation. Control Eng Pract.
2014,26:245-53. http://dx.doi.org/10.1016/j.conengprac.2014.02.002.
Del-Ama AJ, Gil-Agudo A, Bravo-Esteban E, Pérez-Nombela S, Pons JL,
Moreno JC. Hybrid therapy of walking with kinesis overground robot for
persons with incomplete spinal cord injury : a feasibility study. Robot
Autonomous Syst. 2015;73:44-58. http://dx.doi.org/10.1016/j.robot.2014.
10.014.

Del-Ama AJ, Gil-Agudo A, Pons JL, Moreno JC. Hybrid fes-robot
cooperative control of ambulatory gait rehabilitation exoskeleton.

J NeuroEngineering Rehabil. 2014;11(27).. http://dx.doi.org/10.1186/
1743-0003-11-27.

Murray SA, Ha KH, Hartigan C, Goldfarb M. An assistive control approach
for a lower limb exoskeleton to facilitate recovery of walking following
stroke. [EEE Trans Neural Syst Rehabil Eng. 2014,23(3):441-9. http://dx.doi.
0rg/10.1109/tnsre.2014.2346193.

Farris RJ, Quintero HA, Goldfarb M. Preliminary evaluation of a powered
lower limb orthosis to aid walking in paraplegic individuals. IEEE Trans
Neural Syst Rehabil Eng. 2011;19:652-9. http://dx.doi.org/10.1109/TNSRE.
2011.2163083.

Farris RJ, Quintero HA, Murray SA, Ha KH, Hartigan C, Goldfarb M. A
preliminary assessment of legged mobility provided by a lowerlimb
exoskeleton for persons with paraplegia. IEEE Trans Neural Syst Rehabil
Eng. 2014,22(3):482-90. http://dx.doi.org/10.1109/TNSRE.2013.2268320.
Bortole M, Venkatakrishnan A, Zhu F, Moreno JC, Francisco GE, Pons JL,
Contreras-Vidal JL. The h2 robotic exoskeleton for gait rehabilitation after
stroke: early findings from a clinical study. J NeuroEng Rehabil.
2015;12(54). http://dx.doi.org/10.1186/512984-015-0048-y.

Kawamoto H, Taal S, Niniss H, Hayashi T, Kamibayashi K, Eguchi K,
Sankai Y. Voluntary motion support control of robot suit hal triggered by
bioelectrical signal for hemiplegia. In: 32nd International Conference of
the IEEE EMBS. 2010. http://dx.doi.org/10.1109/iembs.2010.5626191.
Kawamoto H, Kandone H, Sakurai T, Ariyasu R, EquchiK, Sankai Y.
Development of an assist controller with robot suit hal for hemiplegic
patients using motion data on the unaffected side. In: Engineering in
Medicine and Biology Society (EMBC), 2014 36th Annual International
Conference of the IEEE. Chicago: IEEE; 2014. p. 3077-80. http://dx.doi.
0rg/10.1109/embc.2014.6944273.

Pons JL. Wearable Robots: Biomechatronic Exoskeletons. 2008.

Belda-Lois JM, Horno SM, Bermejo-Bosch I, Moreno JC, Pons JL, Farina
D, losa M, Molinari M, Tamburella F, Ramos A, Caria A, Solis-Escalante T,
Brunner C, Rea M. Rehabilitation of gait after stroke: a review towards a
top-down approach. J NeuroEng Rehabil. 2011;8(66). http://dx.doi.org/10.
1186/1743-0003-8-66.

Novak D, Rebersek P, Maria de Rossi SM, Donati M, Podobnik J, Beravs T,
Lenzi T, Vitiello N, Carozza MC, Munih M. Automated detection of gait
initiation and termination using wearable sensors. Med Eng Phys.
2013;35:1713-20. http://dx.doi.org/10.1016/j.medengphy.2013.07.003.
Moreno JC, del-Ama AJ, de los Reyes-Guzman A, Gil-Agudo A, Ceres R,
Pons JL. Neurorobotic and hybrid management of lower limb motor
disorders: a review. Med Biol Eng Comput. 2011;49:1119-30. http://dx.doi.
org/10.1007/s11517-011-0821-4.

Ha KH, Varol HA, Goldfarb M. Volitional control of a prosthetic knee using
surface electromyography. IEEE Trans Biomed Eng. 2011;58(1):144-51.
http://dx.doi.org/10.1109/tbme.2010.2070840.

Domingo A, Lam T. Reliability and validity of using the lokomat to assess
lower limb joint position sense in people with incomplete spinal cord
injury. J NeuroEng Rehabil. 2014;11(167):. http://dx.doi.org/10.1186/1743-
0003-11-167.

Kim Y. The effects of emg-triggered functional electrical stimulation on
upper extreity function in stroke patients. Phys Therapy Rehabil Sci.
2013;2(1):1-6.

Rajasekaran V, Aranda J, Casals A. Compliant gait assistance triggered by
user intention. In: 37th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC). 2015. http://dx.doi.
0rg/10.1109/embc.2015.7319242.

Rajasekaran V, Aranda J, Casals A. User Intention Driven Adaptive Gait
Assistance Using a Wearable Exoskeleton. In: Reis LP, Moreira AP, Lima
PU, Montano L, Munoz-Martinez V, editors. Robot 2015: Second Iberian
Robotics Conference: Advances in Robotics, vol. 2. Cham: Springer International

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Page 14 of 15

Publishing; 2016. p. 289-301. http://dx.doi.org/10.1007/978-3-319-27149-
1._23.

Garcia-Cossio E, Severens M, Nienhuis B, Duysens J, Desain P, Keijsers N,
Farquhar J. Decoding sensorimotor rhythms during robotic-assisted
treadmill walking for brain computer interface (bci) applications. PloS
ONE. 2015;10(12):0137910. http://dx.doi.org/10.1371/journal.pone.
0137910.

Do AH, Wang PT, King CE, Chun SN, Nenadic Z. Brain-computer
interface controlled robotic gait orthosis. J NeuroEng Rehabil. 2013;10(1):
111. http://dx.doi.org/10.1186/1743-0003-10-111.

Noda T, Sugimoto N, Furukawa J, Sato M-A, Hyon SH, Morimoto J.
Brain-controlled exoskeleton robot for bmi rehabilitation. In: 12th IEEE
RAS International Conference on Humanoid Robots. Osaka: IEEE; 2012.
http://dx.doi.org/10.1109/humanoids.2012.6651494.

Contreras-Vidal JL, Presacco A, Agashe H, Paek A. Restoration of whole
body movement- toward a noninvasive brain-machine interface system.
IEEE Pulse. 201234-7. http://dx.doi.org/10.1109/MPUL.2011.2175635.
Gancet J, llizkovitz M, Motard E, Nevatia Y, Letier P, de Weerdt D,
Cheron G, Hoellinger T, Seetharaman K, Petieau M, et al. Mindwalker:
going one step further with assistive lower limbs exoskeleton for sci
condition subjects. In: Biomedical Robotics and Biomechatronics
(BioRob), 2012 4th IEEE RAS & EMBS International Conference On. Rome:
IEEE. 2012. p. 1794-800. http://dx.doi.org/10.1109/biorob.2012.6290688.
Kommu SS. Rehabilitation Robotics. Vienna: I-Tech Education and
Publishing; 2007.

Jimenez-Fabian R, Verlinden O. Review of control algorithms for robotic
ankle systems in lowerlimb orthoses, prostheses and exoskeletons. Med
Eng Phys. 2012,34:397-408. http://dx.doi.org/10.1016/j.medengphy.2011.
11.018.

Blaya JA, Herr H. Adaptive control of a variable-impedance ankle foot
orthosis to assist drop-foot gait. IEEE Trans Neural Syst Rehabil Eng.
2004;12(1):24-31. http://dx.doi.org/10.1109/tnsre.2003.823266.

Perez Ibarra JC, dos Santos WM, Krebs HI, Siqueira AAG. Adaptive
impedance control for robot aided rehabilitation of ankle movements. In:
Fifth IEEE RAS/EMBS International Conference on Biomedical Robotics
and Biomechatronics (BioRob). Sao Paolo: [EEE; 2014. http://dx.doi.org/10.
1109/biorob.2014.6913854.

Rajasekaran V, Aranda J, Casals A. Adaptive walking assistance based on
human-orthosis interaction. In: Intelligent Robots and Systems (IROS),
2015 IEEE/RSJ International Conference On. Hamburg: IEEE; 2015. p.
6190-5. http://dx.doi.org/10.1109/ir0s.2015.7354260.

Lépez-Larraz E, Trincado-Alonso F, RajasekaranV, Pérez-Nombela S,
del-Ama AJ, Aranda J, Minguez J, Gil-Agudo A, Montesano L. Control of
an ambulatory exoskeleton with a brain machine interface for spinal cord
injury gait rehabilitation. Front Neurosci. 2016;10(359). http://dx.doi.org/
10.3389/fnins.2016.00359.

Loépez-Larraz E, Montesano L, Gil-Agudo A, Minguez J. Continuous
decoding of movement intention of upperlimb self initiated analytic
movements from pre-movement eeg correlates. J NeuroEng Rehabil.
2014;11:153-67. http://dx.doi.org/10.1186/1743-0003-11-153.
Lépez-Larraz E, Trincado-Alonso F, Montesano L. Brain-machine
interfaces for motor rehabilitation: Is recalibration important?.

In: Proceedings of 14th International Conference on Rehabilitation
Robotics (ICORR). Singapore: IEEE. 2015; p. 223-8. http://dx.doi.org/10.
1109/icorr.2015.7281203.

Rajasekaran V, Aranda J, Casals A, Pons JL. An adaptive control strategy
for postural stability using a wearable robot. Robot Autonomous Syst.
2015;73:16-23. http://dx.doi.org/10.1016/j.robot.2014.11.014.

Chen G, Qi P, Guo Z, Yu H. Gait-event-based synchronization method for
gait rehabilitation robots via a bio-inspired adaptive oscillator. IEEE Trans
Biomed Eng. 2016;99:. http://dx.doi.org/10.1109/TBME.2016.2604340.
Ramli R, Arof H, Ibrahim F, Mokhtar N, Idris MYI. Using finite state
machine and a hybrid of eeg signal and eog artifacts for an asynchronous
wheelchair navigation. Expert Syst Appl. 2015;42(5):2451-63. http://dx.
doi.org/10.1016/j.eswa.2014.10.052.

Rajasekaran V, Vinagre M, Aranda J. Event-based control for sit-to-stand
transition using a wearable exoskeleton. In: Rehabilitation Robotics
(ICORR), 2017 International Conference On. London: IEEE; 2017. p. 400-5.
Trincado-Alonso F, Lopez-Larraz E, Resquin F, Ardanza A,
Perez-Nombela S, Pons JL, Montesano L, Gil-Agudo A. A pilot study of


http://dx.doi.org/10.1016/j.conengprac.2014.02.002
http://dx.doi.org/10.1016/j.robot.2014.10.014
http://dx.doi.org/10.1016/j.robot.2014.10.014
http://dx.doi.org/10.1186/1743-0003-11-27
http://dx.doi.org/10.1186/1743-0003-11-27
http://dx.doi.org/10.1109/tnsre.2014.2346193
http://dx.doi.org/10.1109/tnsre.2014.2346193
http://dx.doi.org/10.1109/TNSRE.2011.2163083
http://dx.doi.org/10.1109/TNSRE.2011.2163083
http://dx.doi.org/10.1109/TNSRE.2013.2268320
http://dx.doi.org/10.1186/s12984-015-0048-y
http://dx.doi.org/10.1109/iembs.2010.5626191
http://dx.doi.org/10.1109/embc.2014.6944273
http://dx.doi.org/10.1109/embc.2014.6944273
http://dx.doi.org/10.1186/1743-0003-8-66
http://dx.doi.org/10.1186/1743-0003-8-66
http://dx.doi.org/10.1016/j.medengphy.2013.07.003
http://dx.doi.org/10.1007/s11517-011-0821-4
http://dx.doi.org/10.1007/s11517-011-0821-4
http://dx.doi.org/10.1109/tbme.2010.2070840
http://dx.doi.org/10.1186/1743-0003-11-167
http://dx.doi.org/10.1186/1743-0003-11-167
http://dx.doi.org/10.1109/embc.2015.7319242
http://dx.doi.org/10.1109/embc.2015.7319242
http://dx.doi.org/10.1007/978-3-319-27149-1_23
http://dx.doi.org/10.1007/978-3-319-27149-1_23
http://dx.doi.org/10.1371/journal.pone.0137910
http://dx.doi.org/10.1371/journal.pone.0137910
http://dx.doi.org/10.1186/1743-0003-10-111
http://dx.doi.org/10.1109/humanoids.2012.6651494
http://dx.doi.org/10.1109/MPUL.2011.2175635
http://dx.doi.org/10.1109/biorob.2012.6290688
http://dx.doi.org/10.1016/j.medengphy.2011.11.018
http://dx.doi.org/10.1016/j.medengphy.2011.11.018
http://dx.doi.org/10.1109/tnsre.2003.823266
http://dx.doi.org/10.1109/biorob.2014.6913854
http://dx.doi.org/10.1109/biorob.2014.6913854
http://dx.doi.org/10.1109/iros.2015.7354260
http://dx.doi.org/10.3389/fnins.2016.00359
http://dx.doi.org/10.3389/fnins.2016.00359
http://dx.doi.org/10.1186/1743-0003-11-153
http://dx.doi.org/10.1109/icorr.2015.7281203
http://dx.doi.org/10.1109/icorr.2015.7281203
http://dx.doi.org/10.1016/j.robot.2014.11.014
http://dx.doi.org/10.1109/TBME.2016.2604340
http://dx.doi.org/10.1016/j.eswa.2014.10.052
http://dx.doi.org/10.1016/j.eswa.2014.10.052

Rajasekaran et al. Journal of NeuroEngineering and Rehabilitation

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

(2018) 15:4

brain-triggered electrical stimulation with visual feedback in patients with
incomplete spinal cord injury. J Med Biol Eng. 2017. in press.

Wirz M, Zemon DH, Rupp R, Scheel A, Colombo G, Dietz V, Hornby TG.
Effectiveness of automated locomtor training in patients with chronic
incomplete spinal cord injury: a multicenter trial. Arch Phys Med Rehabil.
2005,;86(4):672-80. http://dx.doi.org/10.1016/j.apmr.2004.08.004.
Duschau-Wicke A, Caprez A, Riener R. Patient-cooperative control
increase active participation of individuals with sci during robot-aided
gait training. J NeuroEng Rehabil. 2010;7(43). http://dx.doi.org/10.1186/
1743-0003-7-43.

Lotze M, Braun C, Birbaumer N, Anders S, Cohen LG. Motor learning
elicited by voluntary drive. Brain. 2003;126(4):866-72. http://dx.doi.org/10.
1093/brain/awg079.

Nooijen CFJ, Hoeve NT, Field-Fote EC. Gait quality is improved by
locomotor training in individuals with sci regardless of training approach. J
NeuroEng Rehabil. 2009;6(36). http://dx.doi.org/10.1186/1743-0003-6-36.
Rajasekaran V, Aranda J, Casals A. Recovering planned trajectories in
robotic rehabilitation therapies under the effect of disturbances. Int J Syst
Dynamics Appl (IJSDA). 2014;3(2):34-49. http://dx.doi.org/10.4018/ijsda.
2014040103.

Baek E, Song S-K, Oh S, Mohammed S, Jeon D, Kong K. A motion
phase-based hybrid assistive controller for lower limb exoskeletons. In:
Advanced Motion Control. Yokohama: IEEE; 2014. p. 197-202. http://dx.
doi.org/10.1109/AMC.2014.6823281.

Hussein S, Kriiger J. Patient adaptive control of end-effector based gait
rehabilitation devices using a haptic control framework. In: Rehabilitation
Robotics (ICORR), 2011 IEEE International Conference On. Zurich: IEEE;
2011. p. 1-6. http//dx.doi.org/10.1109/icorr.2011.5975451.

Goldberg EJ, Neptune RR. Compensatory strategies during normal
walking in response to muscle weakness and increased hip joint stiffness.
Gait Posture. 2007;25:360-7. http://dx.doi.org/10.1016/j.gaitpost.2006.04.
009.

Wang L, Wang S, van Asseldonk EHF, van der Kooij H. Actively controlled
lateral gait assistance in a lower-limb exoskeleton. In: IEEE/RSJ
International Conference on Intelligent Robots and Systems IROS. Tokyo:
IEEE; 2013. p. 965-70. http://dx.doi.org/10.1109/ir0s.2013.6696467.
Capellini G, Ivanenko YP, Dominici N, Poppele RE, Lacquaniti F. Motor
patterns during walking on a slippery walkway. J Neurophysiol.
2010;103(2):746-60. http://dx.doi.org/10.1152/jn.00499.2009.

Alam M, Rodrigues W, Pham BN, Thakor NV. Brain-machine interface
facilitated neurorehabilitation via spinal stimulation after spinal cord
injury: Recent progress and future perspectives. Brain Res. 2016;1646:
25-33. http://dx.doi.org/10.1016/j.brainres.2016.05.039.

King CE, Wang PT, McCrimmon CM, Chou CC, Do AH, Nenadic Z. The
feasibility of a brain-computer interface functional electrical stimulation
system for the restoration of overground walking after paraplegia.

J NeuroEng Rehabil. 2015;12: http://dx.doi.org/10.1186/512984-015-
0068-7.

Donati ARC, Shokur S, Morya E, Campos DSF, Moioli RC, Gitti CM,
Augusto PB, Tripodi S, Pires CG, Pereira GA, Brasil FL, Gallo S, Lin AA,
Takigami AK, Aratanha MA, Joshi S, Bleuler H, Cheng G, Rudolph A,
Nicolelis MAL. Long-term training with a brain-machine interface-based
gait protocol induces partial neurological recovery in paraplegic patients.
Sci Rep. 2016;6:30383. http://dx.doi.org/10.1038/srep30383.

Norman SL, Dennison M, Wolbrecht E, Cramer SC, Srinivasan R,

Page 15 of 15

Reinkensmeyer DJ. Movement anticipation and eeg: Implications for
bci-contingent robot therapy. IEEE Trans Neural Syst Rehabil Eng.
2016;24(8):911-9. http://dx.doi.org/10.1109/tnsre.2016.2528167.
Lépez-Larraz E, Montesano L, Gil-Agudo A, Minguez J, Oliviero A.
Evolution of eeg motor rhythms after spinal cord injury: A longitudinal
study. PLoS ONE. 2015;10(7).. http://dx.doi.org/10.1371/journal.pone.
0131759.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
¢ We provide round the clock customer support

¢ Convenient online submission

® Thorough peer review

¢ Inclusion in PubMed and all major indexing services

* Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1016/j.apmr.2004.08.004
http://dx.doi.org/10.1186/1743-0003-7-43
http://dx.doi.org/10.1186/1743-0003-7-43
http://dx.doi.org/10.1093/brain/awg079
http://dx.doi.org/10.1093/brain/awg079
http://dx.doi.org/10.1186/1743-0003-6-36
http://dx.doi.org/10.4018/ijsda.2014040103
http://dx.doi.org/10.4018/ijsda.2014040103
http://dx.doi.org/10.1109/AMC.2014.6823281
http://dx.doi.org/10.1109/AMC.2014.6823281
http://dx.doi.org/10.1109/icorr.2011.5975451
http://dx.doi.org/10.1016/j.gaitpost.2006.04.009
http://dx.doi.org/10.1016/j.gaitpost.2006.04.009
http://dx.doi.org/10.1109/iros.2013.6696467
http://dx.doi.org/10.1152/jn.00499.2009
http://dx.doi.org/10.1016/j.brainres.2016.05.039
http://dx.doi.org/10.1186/s12984-015-0068-7
http://dx.doi.org/10.1186/s12984-015-0068-7
http://dx.doi.org/10.1038/srep30383
http://dx.doi.org/10.1109/tnsre.2016.2528167
http://dx.doi.org/10.1371/journal.pone.0131759
http://dx.doi.org/10.1371/journal.pone.0131759

	Abstract
	Background
	Methods
	Results
	Conclusions
	Keywords

	Background
	Volitional-adaptive control
	Methods
	Participants
	Protocol
	Volitional control using brain-machine interface
	Adaptive control with Exoskeleton H1
	Finite-state machine
	Evaluation

	Results
	Discussion
	Conclusion
	Abbreviations
	Acknowledgement
	Funding
	Availability of data and materials
	Authors' contributions
	Ethical approval and consent to participate
	Consent for publication
	Competing interests
	Publisher's Note
	Author details
	References

