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A B S T R A C T   

Rehabilitation and assistive technologies are touching new bounds of excellence due to the advent of more user 
friendly human–machine interfaces (HMI) and ergonomic design principles. Among the most fundamental 
movements which are required in performing activities of daily living is the sit and stand motion, a device is 
proposed in this study which enables a patient to perform his activities of daily living (ADL) tasks by enabling 
them to sit, stand and move without the need of an assistant. The device, in this study, is proposed to be activated 
by an electroencephalogram (EEG) based intention acquisition system. The intention is acquired from eye blinks. 
The EEG based intention detection system converts eye blinks to respective commands after classification of eye 
blink signals collected using EMOTIVE® EPOCH+ headset. These control commands then trigger the control 
algorithm which then actuates and controls the system states. For the later, two control schemes namely pro
portional integral derivative (PID) control and sliding mode control (SMC) are tested in this study. The simu
lation and experimental results are given. The experimental setup consists of an offline EEG signal classification 
module, Simulink® model and the prototype of the actual device. It is concluded that SMC performs far better 
than PID for control of the assistive device in ensuring patient comfort during motion.   

1. Introduction 

Paraplegia is the paralysis of the lower extremity of the human body 
[1]. It is an impairment affecting either motor or sensory function of 
lower body. Rehabilitation is a process that aims to restore indepen
dence and self-determination in disabled individuals. Rehabilitation 
process involves various kinds of therapies and assistive mechanisms 
that are used for training of and exercises by disabled persons. The 
purpose of rehabilitation of the patients is to make them stand up and 
walk again. The most common form of rehabilitation of patients is 
through physiotherapy which dates back to 18th century. However, 
rehabilitation through electrical muscle stimulation surfaced in early 
1960s. The advancements carried forward include the enhancement of 
the stimulation systems and patterns [2]. In 1986 electro-stimulation 
implants were developed and after several animal trials, these were 
successfully tested on humans [3]. Although there were various limita
tions associated with the electro-stimulation implants, still all of 4 pa
tients who received these implants were able to walk again. A portable 

system for providing the stimulation patterns for walking was developed 
with a focus on the hardware implementation and inclusion of close loop 
control in stimulation as given in [4]. The tests were conducted on seven 
subjects which showed more flexible nature of the developed system as 
compared to earlier systems in terms of programming, memory capacity, 
and expanding user interface. Taking it a step further, a responsive 
electromyogram (EMG) based system for patient’s intention detection 
has been developed [5]. The system is able to read the patterns of EMG 
signals from the upper trunk of the patient to activate the functional 
electrical stimulation (FES) for standing up and walking support. For 
standing of paraplegics, FES magnitudes need to be adjusted. Computer 
simulation based on the developed muscle activation models dictate the 
stimulation of the muscle and the feedback control law is developed to 
control the stimulation levels [6,7]. The effort towards gait rehabilita
tion using stimulation have also been surfaced in various forms [8,1]. 
The control of electrical stimulation for unsupported standing using the 
optimal scheme to optimize the amount of stimulation is studied [9,10]. 
The control of stimulation based on switching curve is given in [11]. 
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Various other studies for standing, sitting and walking in paraplegics are 
given in [12–15]. Apart from FES being the key strategy for restoration 
of muscle activity in paraplegics, some model based approaches have 
also been studied in [16–21]. A combination of neuro-sliding mode 
control for FES was given in [22] which studied the development of a 
control strategy for better tracking of performance and for robustness 
against muscle joint dynamics. A different approach towards raising the 
standard of living of the paraplegic patients and enable them to perform 
their activities of daily living (ADL) is through the assistive devices. The 
studies on development of assistive devices have shown that the use of 
such devices raise the level of confidence among disabled persons 
[23–25]. These devices can be divided into two categories, first is exo
skeletons and second is assistive platforms. The exoskeletons are wear
able robots that assist the patient in standing up, sitting down and 
walking independently [26–30]. A detailed review of exoskeletons and 
their application in rehabilitation is given in [31]. There are few limi
tations associated with these exoskeletons regarding their daily life use 
and affordability. These include their bulkiness, weight, complexity and 
costs. The second approach focuses on the development of the mobile 
assistive devices keeping in mind patients who have complete disability 
in the lower region of their body. A novel approach towards the devel
opment of a rehabilitation platform for lower limbs has been presented 
in [32]. A wheel chair is the most obvious choice for an assistive plat
form for mobility of paraplegic patients. The design of a wheel chair is 
given in [33]. Various other commercially available standing wheel 
chairs such as Permobil® Corpus F5 provide various options and ad
vantages over a normal wheel chair but the independence of the patient 
is still not ensured. The patient still needs an assistant to shift them from 
wheel chair to a bed or a chair and then back on to the wheel chair. To 
make paraplegic patients independent, the most important task is to 
enable them to sit and stand independently. A comprehensive study on 
the sit–stand (S-S) motion and its various parameters is presented in 
[34]. Dynamic programming is employed due to the complex nonlinear 
nature of the human bio-mechanic system. Optimal feedback control 
scheme is used to find a compromise between human balance and 
smoothness of motion and its control constraints. The human motion is 
modeled using a device for performing sit–stand motion and collection 
of data. Another similar device intended for transferring the patient 
from one platform to another is proposed and evaluated by Hari 
Krishnan and Pugazhenthi [35]. The device is intended for transfer of a 
paraplegic patient from wheel chair to toilet seat or chair with any help 
from an assistant. 

Most of the devices under discussion are of non-linear nature due to 
complexity in their design and presence of coupling and uncertainties in 
the system. In all of the studies mentioned above, control has been an 
essential part of every effort as it ensures reliable and responsive 
behavior of the system. Studies [29,36–38] show that a responsive and 
reliable control scheme is the key to success for rehabilitation devices. A 
modular PD-fuzzy control for Sit to stand and stand to sit motion control 
for upright standing of two wheeled wheel chair is presented in [38]. 
The device depicts an inverted pendulum which is an example of a 
complex system. PD scheme along with fuzzy controller is implemented 
in order to achieve the upright standing and movement of the wheel 
chair. A combination of sliding mode and fuzzy control is presented in 
[36]. The combination is proposed in order to realize independent joint 
control based on the complex nueromusculoskeletal dynamics, distur
bances and other dynamics related changes in the system. In addition to 
a control scheme, the use of muscle/brain signals for activa
tion/deactivation of such devices is also gaining popularity and its 
effectiveness for the activation of robotic devices is well established now 
a days. Various studies are available in literature which demonstrate the 
use of biological signals for intention detection as well 
activation/de-activation of robotic devices. Such techniques increase 
the flexibility and ease of use of an assistive device for patients with 
disabilities. A detailed review of various steps involved and various 
types of biological signals that are used to interface the human body 

with a robotic device is presented in [39]. A closed loop system based on 
neurofuzzy control and extended physiological proprioceptive feedback 
provides a means for bidirectional control of an exoskeleton [40]. EMG 
signals from muscles are acquired and used for intention detection and 
for activation of control loop which actuates the exoskeleton. Another 
study showing the applicability of bio signals for activation of robotics 
devices is presented in [41]. A mobile robot and a serial manipulator are 
controlled using EMG and EEG signals acquired from human muscle and 
brain respectively. An EEG-NIRs based alternative to more popular ap
proaches of EEG and EMG signals is used in the study [42]. Near infrared 
spectroscopy is an optical signal based approach for signal acquisition 
while EMG and EEG are both electrical signals generated in brain. In this 
study, EEG-NIRs based intention detection system is developed for 
control of assistive devices. Another integration of EEG based human 
machine interface (HMI) for activation of an assistive device controlled 
by neural adaptive sliding mode control is proposed. The integrated 
framework is tested on an upper limb exoskeleton [43]. The scheme 
used shows that effectiveness of an assistive device is enhanced by 
integration of a HMI based activation system integrated with a robust 
nonlinear controller. The assistive devices such as exoskeletons and 
other similar devices aimed for rehabilitation have a complex mechan
ical structure due to their design constraints. Moreover, the complexity 
of design gives rise to many challenges in reliable and smooth control of 
such devices due to their nonlinear dynamics models. To cater for these 
non-linearities, many of the studies mentioned above use a combination 
of two or more control schemes such as, Adaptive Sliding Mode Control, 
Adaptive Neural fuzzy control and fuzzy sliding mode control etc. 
Sliding Mode control has been widely used for system which have 
non-linearity and uncertainty in their models [44]. 

Based on the above discussion on the combination of bio signal 
acquisition for intention detection for activation of a robotic device 
having its dedicated control system, a rehabilitation device is presented 
in this study which uses EEG signals for acquisition of patient’s intention 
and activation of control system on board the device. EEG signals are 
selected due its ease in practical implementation and high temporal 
resolution. Further details about EEG are discussed in the next section of 
this paper. In this study a device for independent sit–stand (S-S) motion 
for paraplegic patients is presented. The intention of patient is acquired 
using EEG signals from eye blinks which in turn activate the control 
system to actuate the device from Sit to Stand position or vice versa. The 
platform is designed keeping in mind the independence and mobility 
requirements of paraplegic patients. For control of S-S motion, two types 
of control schemes: linear and nonlinear, are proposed namely propor
tional integral derivative (PID) control and sliding mode control (SMC). 
PID is a well-known technique for various robotic systems and thus is 
chosen here as a default control scheme whereas SMC is non-linear 
control technique and is chosen due to its properties of stability and 
robustness against disturbances and non-linearities of the system. The 
choice of a nonlinear control system is made because the S-S mechanism 
Model is nonlinear itself. The experimental setup consists of a Subject 
wearing EEG headset. The intention detection system detects the 
intention of patient through HMI framework which generates control 
commands in the results of an intention, i.e. eye blinks. The control 
commands are then used to activate the control system which in turn 
actuates the S-S mechanism. The system description in image form is 
shown in Fig. 1. 

Fig. 1. System block diagram.  
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2. Intention detection 

Human machine interface (HMI) is required in various conditions. 
For example, if a patient is supporting him/herself on the platform using 
upper limbs then he cannot press a button or move a joystick. In that 
condition an alternative way must be provided for the patient to convey 
his/her intention to the machine. Therefore, the use of brain signals or 
Muscle signals becomes significant. The intention of patient, in this 
study, was detected using EEG signals from eye blinks which were then 
processed for acquiring the intention of the patient and generating 
control commands as shown in Fig. 2. 

EEG is the electric potential created due to brain activity [45]. 
Usually ranging around 100 μV, it can be acquired directly from the 
scalp. This technology is comparatively less expensive and provide more 
flexible data acquisition. One of the major advantage of using EEG sig
nals was that it has good temporal resolution [42]. 

2.1. Data acquisition 

EEG data was collected non-invasively, using small gold plate elec
trodes. A basic EEG system includes: electrodes, amplifiers with filters, 
an analog-to-digital converter, and a recording device for the storage of 
data. The intensity of the electrical source, its distance from the 
recording electrodes, its spatial orientation, and the electrical properties 
of the structures between the source and the recording electrode all play 
a role in determining the amplitude of the recorded potentials. The EEG 
equipment, therefore, used in this study was the EMOTIV® EPOCH+

which is a 14 channel wireless EEG headset designed for advance HMI 
interface applications. It provides dense array high quality raw EEG 
data. EMOTIV® EPOCH+ has 14 EEG channels along with 2 reference 
channels [46]. The intention of the patient is recorded in this study using 
eye blink signals. 

2.1.1. Experimental paradigm 
In this study, five healthy individual with ages between 25 and 30 

years were selected for the experiment. Each experiment consisted of 5 
trials. The subjects were seated in a calm and comfortable environment. 
Each subject was given 15 min before the start of experiment to practice 
the task and to get used to EMOTIV® EPOCH+ headset. The subjects 
were asked to focus and concentrate on eye blinking. Each subject was 
provided auditory cues of “rest” and “blink”. The data was taken from 5 
healthy subjects. The total duration of the paradigm was 12 s excluding 

the initial 2 s intervals before each run. A visual representation of the 
experimental paradigm is shown in Fig. 3. 

2.1.2. Pre-processing 
There are various artefacts in the EEG signals that need to be 

removed. One of these artefacts is the EMG component present in EEG 
signal. Since voluntary eye blinks are considered as intention in this 
study, Therefore the EMG component for eye blinks is not taken as 
artefact [47]. In fact, the EMG component present in EEG signal is useful 
and can be treated as a parameter for better detection of eye blinks. In 
the present study, the prepossessing step was performed on a tool box 
named EEGLAB [48] developed by Swartz Center for Computational 
Neuroscience, University of California, San Diego. The raw data ac
quired using headset was passed through a band pass Finite Impulse 
Response (FIR) filter which is given by Eq. (1). The cut off frequency 
used for FIR band pass filter was 04–25 Hz: 

y[n] =
∑M

k=0
[bkx[n − k]] (1)  

where M is the order of the filter, y[n] is the output signal, x[n] is the 
input signal and bk contains filter coefficients. 

2.1.3. Feature extraction 
Feature extraction step decides the criteria on which the data is going 

to be classified. The difference between various statistical features helps 
in sorting the data into group correctly. Five features calculated for the 
filtered signal in this study were mean, peak, variance, kurtosis, skew
ness and slope. The formulae for these features are given in Table 1. 

2.1.4. Classification 
LDA (linear discriminate analysis) developed by Fisher is one of the 

most common technique used to classify data. It is very effective in 
classification of binary as well as in more than two class problems [49]. 
But its effectiveness reduces as number of classes increase and therefore 
for multi class problems, other classifiers are also available. Fisher linear 
discriminant analysis (FLDA) reduces the dimension of the problem by 
one degree and finds a line that best separates the classes in a two class 
problem. Similar analogy is followed for more than two classes but the 
accuracies drop significantly for more than two class problems. The 

Fig. 2. Intention detection and command generation loop.  Fig. 3. Experimental paradigm.  
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classification accuracies are computed for various combination of fea
tures. Among them, features that gave the best accuracies using FLDA 
are given in Table 2. 

2.2. Control command generation 

The correct identification of the class ensures that the classifier will 
classify the incoming data correctly. The data from each subject was 
tested against the training data. Each class is assigned a letter for 
example, for rest “u” is assigned whereas for blinking the assigned letter 
is “v”. Each time the test data is checked against the training data, the 
classifier identifies to which class that data belongs to. If the class is 
identified as “v”, an actuation command is generated which actuates the 
S-S mechanism. otherwise the mechanism remains at rest. This com
mand then activates the control algorithm and S-S Mechanism which 
complete its motion from sit to stand position at each command and then 
waits for the next command. 

3. The S-S mechanism: description and modeling 

The assistive device for paraplegics is a platform that is designed for 
active daily life (ADL) tasks as well as for therapy purposes. It facilitates 
the patient in being independent and perform their small endeavors 
themselves. 

3.1. Description 

The device offers the S-S motion as well as mobility to the patients 
using it. This study focuses on the design and dynamics of the S-S 
mechanism. The device is designed keeping in mind the common needs 
and the comfort of patient. The ease of use is one of key factors in 
proving effectiveness of the device. 

The device in discussion has two main parts. First is the S-S mecha
nism which is under discussion in this study, and the other is the mobile 
platform which will be discussed in the upcoming publications. The 
physical prototype of the device can be seen in Fig. 4. The S-S mecha
nism consists of two revolute joints and one prismatic joint. The pris
matic joint is actuated using a linear actuator. The extension and 
retraction of linear actuator moves the end effector which in turn moves 
the patient from sitting position to standing or vice versa. To find out the 
required torques and to analyze the dynamic response of the system, 
modeling and control of the system is discussed in upcoming section of 
this study. 

3.2. Dynamics modeling 

For dynamics modeling of the S-S mechanism, the Euler Lagrange 
method is adopted. The S-S mechanism has been considered as RPR 
(Revolute–Prismatic–Revolute) mechanism having a revolute joint fol
lowed by a prismatic and then again a revolute joint. The kinetic and 
potential energy of each link is considered for Euler–Lagrange 
formulation. 

The free body diagram is shown in Fig. 5. The two revolute joints of 
the S-S mechanism are passive while the prismatic joint is actuated by a 
linear actuator. 

Lagrangian is the sum of total kinetic energy and potential energy of 
the system. The kinetic energy equation is written for each link using Eq. 
(2), where i = 1, 2, 3: 

ki =
1
2

miVCi
T VCi +

1
2

i
iω

T Ci
i I i

iω (2)  

The sum of the total kinetic energy for three links can be given as Eq. (3): 

K =
∑3

i=1
ki (3)  

Similarly, the sum of potential energy for all the links can be given using 
Eqs. (4) and (5): 

ui = miligSi + milig (4)  

U =
∑3

i=1
ui (5)  

In Eqs. (2)–(4) mi is the mass of ith link, li is the length of ith link, g is 
acceleration due to gravity, Si represents [sin(θi)], V is linear velocity 
and ω is angular velocity for ith link. Finally, to compute the equations of 
motion, the Lagrangian was computed which is given as Eqs. (6) and (7): 

L(Θ, Θ̇) = K(Θ, Θ̇) − L(Θ) (6) 

Table 1 
Selected features.  

Feature Formula 

Mean M =
1
N
∑N

i=1
Xi  

Variance V =
1

N − 1
∑N

i=1

⃒
⃒Xi − μ2⃒⃒

Kurtosis 
K =

E(X − μ)4

σ4  

Skewness 
S =

E(X − μ)3

σ3   

Table 2 
Classification accuracy.  

Subject Mean, peak, slope, variance, 
kurtosis, skewness 

Mean, kurtosis, 
skewness 

Variance, 
kurtosis 

1 85.94 83.59 83.98 
2 88.09 82.81 82.21 
3 87.13 80.02 82.03 
4 87.89 80.08 80.06 
5 83.98 79.99 80.06  

Fig. 4. Paraplegic bot prototype at Air University.  
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d
dt

∂L
∂Θ̇

−
∂L
∂Θ

= τ (7)  

which is equivalent to Eq. (8): 

d
dt

∂K
∂Θ̇

−
∂K
∂Θ

+
∂U
∂Θ

= τ (8)  

After manipulation of the above equations we arrived at the results 
given in Eqs. (9)–(11):   

τ2 = (m2 + m3)d̈2 − m2d2θ̇1
2
+ m2gS1 (10)  

τ3 = (m3 + Izz3)θ̈3 − (Ixx3S3C3 − Iyy3C3S3)θ̇1
2
+ m3glC3 (C1C3 − S1S3)

(11)  

where τi is the torque produced at ith joint, d2 is displacement of linear 
actuator, Ci, Si are cos(θi), sin(θi), mi is mass of the ith link, I moment of 
inertia of the ith link along respective axis and l is the length of ith link. 
Link-1 is actuated by first revolute joint, link-2 is actuated by the pris
matic joint and link-3 by the second revolute joint. The parameters like 
mass and moment of inertia were computed from the 3D CAD model by 
assigning a material to the model. The link lengths were taken from the 
actual system. 

4. Control of S-S mechanism 

The purpose of the assistive device is to assist the patient in sit to 
stand motion. Therefore, it is of key importance that the control of the S- 
S mechanism must be very reliable. Also it is evident from the equations 
of motion that the system is highly non-linear, thus a suitable control 
strategy is required in order to control the system using minimum 
computational as well as energy cost. This work is intended to provide a 
comparison between two of the popular control techniques. For prac
tical Systems, the requirement of control scheme to be applicable on 
physical system is imperative. For industrial systems, PID is the first 
choice as a control scheme due to its versatility and application. 
Therefore, PID was chosen for the control of the assistive device. While, 
SMC belongs to the family of variable structure controllers (VSC) which 
change the structure of the controller according to changing system 
dynamics. SMC among VSC’s was found to be more suitable for practical 
application due to simplicity in its design and performance. The inten
tion was to show case the effectiveness of the chosen control schemes 
under given circumstances. The same model was given to both the 
control system and their response was simulated using Matlab® Simu
link®. The desired value for both the simulation as well as experimental 
setup was kept equal to 0.2 m or 20 cm. This is the desired displacement 
of linear actuator for it to reach from sitting position to standing position 
and vice versa. The speed of the S-S mechanism is acquired by calcu
lating the time required for a normal human being to stand up from 
sitting position and vice versa. 

4.1. Proportional integral derivative (PID) controller 

PID control is among the popular control techniques and has proven 
its effectiveness in various fields including biological systems as well. In 
this study, PID control strategy is applied for the control of S-S mecha
nism to control its position and velocity. The simplicity of the PID makes 
it the first choice among the control techniques. The motion of the S-S 
mechanism needs to be controlled for smooth movement from sitting to 
standing position and vice versa. The control cost needs also to be kept 
within the range of physically possible and available actuator torques 
since the actuator is required to support the weight of human being 
while moving the mechanism between sit and stand positions. 

The PID controller also known as a three term controller has various 
forms. In this study, the standard form of PID is used which is given as 

Eqs. (12) and (13). Where e is the error, kp is the proportional gain, ki is 
the integral gain and kd is the derivative term gain 

u = kpe + ki

∫ t

0
e(τ)dτ + kd

de
dτ (12)  

u = kp(e +
1
Ti

∫ t

0
e(τ)dτ + Td

de
dτ (13) 

Fig. 5. Free body diagram of S-S mechanism.  

Table 3 
PID parameters and their relations.  

Gain Rise time Overshoot Settling 
time 

Steady state 
error 

Stability 

Kp Decrease Increase Small 
change 

Decrease Decrease 

Ki Decrease Increase Increase Eliminate Decrease 
Kd Small 

change 
Decrease Decrease No effect Improve if Kd 

is small  

τ1 = (m1l2
1 ++Izz1 + m2d2

2 + Iyy2 + m3l2
c3
+ Ixx3S2

3 + Iyy3C2
3)θ̈1 + 2m2d2ḋ2θ̇1 − m2d2θ̇1

2
+ (m1l1 + m2d2)gC1 + m3glc3

(S1S3 − C1C3) (9)   
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The relationship between the three terms in the PID controller cannot be 
stated exactly but an overview of the effects of each term on output can 
be given as Table 3. The tuning of PID controller is a crucial and essential 
part of the controller implementation. In literature, there are various 
methods available for calculating the appropriate gains for the 
controller. In this study we have used the Ziegler–Nicholas method for 
PID gain tuning. The PID implementation in this study includes the 
combination of the position and velocity control for the S-S mechanism. 
Two PID controls are used in conjunction to achieve better control for 
both velocity and position. The non-linearity in the system brings un
certainty in the behavior of the system and thus a more robust control is 
required for both velocity and position. It can also be seen from the 
results shown in Fig. 6 that the system requires a huge control effort in 
order to bring the system to the desired position. 

After simulating the system under various conditions for desired 
response, it was observed that the magnitude of the torque requirement 
for the system is very high and also that it leaves the physical bounds of 
any actuator to fulfil it. The control requirement is high due to the non- 
linearities present in the system. The behavior of the system is very 
sensitive to inherent and external disturbances caused by the fluctuation 
of gains or by changing the input conditions. The PID controller toolbox 
in Simulink® also has an auto-tuner function. The auto tuning of the PID 
control also exhibited the same response. The input torque requirement 
to control the system are the same for auto tuning as for the manual 
tuning. Further discussion and comparison of the results in the results 
and discussion section of this study. 

4.2. Sliding mode control 

Sliding mode control belongs to a family of control strategies known 
as variable structure control (VSC). This family of controller provides a 
good variety of robust control techniques and methods. This is mainly 
the motivation behind selection of the sliding mode control. The non- 
linear and time varying characteristics of the system and the absence 

of a precise model of the system urges the need for a control strategy 
such as sliding mode control. 

4.2.1. Design of sliding mode control 
The selection of a suitable sliding manifold is the key component of 

the sliding mode control. This manifold acts as a guide for the system 
states to track along it to reach the desired value. The design of the 
sliding manifold is based on system requirements. In this study, it is 
desired that the position error must be zero. We defined the current and 
desired position as x and xd as in Eqs. (14) and (15): 

x = [x, ẋ,…, xn− 1] (14)  

xd = [xd, ẋd,…, xn− 1
d ] (15)  

Therefore, we write the error as Eq. (16) 

x̃ = x − xd (16)  

We defined a time varying 1st order sliding manifold given in Eq. (17) 
since the system is of 2nd order 

s(x, t) =
(

d
dt

+ λ
)n− 1

x̃ = 0 (17)  

which is rewritten as Eq. (18) 

s(x, t) = ˙̃x + λx̃ = 0 (18)  

where n is the order of the equation and λ is a constant gain. 

4.2.2. Design of control law 
The control law design based on the sliding manifold requires the 

stability of the sliding manifold itself as well. We design the control by 
solving Eq. (18) to get an equation for equivalent control. The system 
dynamics while the system is on sliding surface can be given by Eq. (19): 

ṡ = 0 (19)  

This equivalent control is responsible for keeping the system on sliding 
surface. It can only be assured if the product of sliding surface s with its 
derivative ṡ is less than zero and Eq. (19) remains satisfied. If the sliding 
surface satisfies the above condition, then we can say that sliding 
manifold is stable and the system states will converge to the desired 
value under the equivalent control. Thus we write the derivative as Eqs. 
(20) and (21): 

ṡ = ¨̃x + λ ˙̃x (20)  

ṡ = ẍ − ẍd + λ ˙̃x (21)  

The control law for SMC has two parts as given in (22). The first part is 
the equivalent control while the other is the corrective control. The 
equivalent control is responsible for bringing the system on the sliding 
surface and the corrective part is responsible for keeping it there: 

U = Ueq − Uc (22)  

Setting ṡ = 0 and substituting d̈2 in equation, we arrive at the result for 
the best approximation for equivalent control Eq. (23): 

Û = (m2 + m3) ¨̃xd − λ ˙̃x(m2 + m3) − m2d2θ̇1
2
+ m2gsinθ1 (23)  

where Û is interpreted as the best approximation of equivalent control. 
Keeping in mind the uncertainty of dynamics, we added another 
discontinuity to Û to ensure that the condition for the stability is satis
fied which resulted in the control law given in Eq. (24): 

U = Û − ksgn(s) (24) 

Fig. 6. Simulation results for PID control, (a) displacement–velocity plot and 
(b) control input/controller effort required. 
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In Eq. (24), k is chosen large enough such that the reachability condition 
is satisfied. The reachability condition is given as Eq. (25): 

1
2

(
d
dt

)

s2 ≤ − η|s| (25)  

where η is a positive gain. It can also be stated alternatively as Eq. (27). 
The reachability condition is only satisfied when both the control law 
and the sliding surface are stable. To ensure the stability we use Lya
punov stability criteria considering a positive scalar function V as the 
candidate function as given in Eq. (26): 

V = s2 (26)  

The derivative of the scalar function V must be negative definite in order 
for the sliding surface and the control law to be stable over the whole 
range of operations. Therefore the condition given in Eq. (27) must 
remain true for the complete range of operation: 

V̇ = sṡ < 0 (27)  

By manipulating Eqs. (23) and (24) to satisfy the condition in Eq. (27), 
we arrive at Eq. (28). 

sṡ =
(

1
m2 + m3

[− ksgn(s)]
)

s (28)  

Eq. (28) shows that if gain k is chosen carefully then the overall sign of 
the above equation remains negative at all times which proves that the 
reachability condition exists for the system under study. Eq. (24) is the 
control law which will control the system within the bounds of opera
tion. To illustrate the implementation of the control law, the simulation 
results are shown in Fig. 7. Similar to PID simulations, the simulation 
results are obtained after implementing SMC in Simulink® environment. 
SMC gains were tuned to acquire the best possible results. Simulation 
results show that SMC performs better than PID. 

One of the main issues associated with the sliding mode control, as 
evident from the results shown in Fig. 7, is the problem of chattering in 
the system. A few attempts on avoiding chattering phenomenon to 
improve the performance of the controller are given in [36,50,51] which 
discuss the ability of the controller to handle uncertainties of the system 

while keeping the system and controller itself stable. The initial imple
mentation of the sliding mode controller resulted in chattering as shown. 
The chattering issue is due to the sign function in the control law. The 
implementation of control switching is imperfect, as in practice, the 
control switching is not instantaneous and thus it leads to chattering. In 

Fig. 7. Simulation results for sliding mode control with chattering, (a) displacement plot, (b) control input and (c) error plot.  

Fig. 8. Simulation results for sliding mode control without chattering, (a) 
displacement plot, (b) control input. 
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order to eliminate the undesirable effect of chattering from the response, 
we define a boundary layer around the switching surface. The purpose of 
the boundary layer is to keep the system on the switching surface as the 
control law forces the system to remain within the boundary layer. The 
implementation of such control law also makes the controller robust 
against the unwanted high frequency dynamics. The boundary layer was 
defined as Eq. (29): 

B(t) = x, |s(x, t)| < ϕ for ϕ > 0 (29)  

The updated control law can now be given as Eq. (30): 

u = ueq − ksat(sϕ) (30)  

The results obtained after the implementation of the updated control law 
are shown in Fig. 8. 

5. Experimental results 

The experimental results are acquired using the prototype of the 
device developed at the Department of Mechatronics Engineering, Air 
University. The experimental setup consisted of device prototype, a PC 
running Matlab®. Simulink® and EEG headset. S-S mechanism of the 
assistive device enables the patient to strap himself to the mechanism 
and the linear actuator then actuates the mechanism according to 
generated commands. The EEG headset acquires eye blink signals and 
the PC generates control commands after classification. The device and 
EEG headset are both connected to the PC where the control algorithm is 
running after taking inputs from both the EEG headset and device pro
totype. An illustration of S-S mechanism while it is in motion is shown in 
Fig. 9. In Fig. 9, (a)–(d) illustrate motion from sitting position to 
standing position and (d)–(a) show the motion from standing position to 
sitting position. Two subjects voluntarily participated in experimental 
trials of the proposed device prototype. The EEG data was taken from 
both the subjects for training of the classifier and for generation of 
control commands. Patient comfort and confidence on the proposed 
device was ensured. To ensure comfort during motion during motion, 
both the PID and SMC control schemes are implemented on the proto
type and the results are obtained. The results are presented in this sec
tion and further discussion is given in the next section of this paper. 

For acquiring the experimental results, the complete setup was 
established as shown in Fig. 9. A healthy subject wearing the EEG 
headset was strapped to the sit–stand mechanism of the assistive device 
prototype. The experiment was performed in a calm environment, with 
all the precautionary measures, after taking consent of the subject. The 
subject was carefully strapped to the device such that the weight of the 
whole body was supported by the sit stand mechanism while in 

operation. The subject was asked to blink 5 times in order to activate the 
device. EMOTIV® EPOCH+ headset was wirelessly connected to a PC 
running Matlab® for classification of the incoming data. 

After classification, the control commands were generated which 
then activated the sit–stand mechanism. The sit-stand mechanism is 
powered by its own AVR based embedded system. This enabled the 
connection between sit–stand mechanism and a PC running hardware in 
loop simulation. The control scheme was implemented in Simulink® 
environment on Matlab®. The sensor feedback from the sit stand 
mechanism was fed to the Simulink® environment for control imple
mentation and the control input was in return fed to the sit stand 
mechanism. The complete experimental setup is illustrated in a block 
diagram in Fig. 10. 

First, the PID control scheme was tested. The results were similar to 
those in simulation. PID control was not able to control the physical 
system with the imposition of a saturation function. For tuning of the 
PID controller, initially, the three gains producing best results in simu
lation of the controller were selected. The response of the system indi
cated high amplitude oscillations which showed that the controller 
needed further tuning. After rigorous tuning the best results obtained for 
a PID controller are shown in Fig. 11. The response is not satisfactory 
and needs further refinement. The response shown is tuned for very high 
values of P, I and D gains which translated into very high control input. 
The gains of the terms were so high that the PWM driving the actuator 
always remained full and it was not feasible. The high speed and sudden 
motion of the mechanism made the subject uncomfortable. Additionally, 
it is not able to hold the system under control. System remained fluc
tuating when it reached near to its desired point. The PID control was 
not able to keep the system exactly on the desired position. This 
continuous oscillation of the system is not feasible for an actual actuator 
as it may become the cause of failure of the actuator itself. The contin
uous oscillation was also harmful for the mechanical structure of the 
device. This also created a limitation for the linear actuator due to it 
continuous energization and operation. Thus the experimental results 
verified the simulation results. It can be clearly seen in the Fig. 11 that 
the controller is not able to control the system even after the imple
mentation of a saturation function on values of control input. The 
saturation was applied to prevent any damage to the system in case of 
high amplitude spikes in the control input which were seen during the 
tuning of PID controller. 

The simulation results for SMC showed that it can control the system. 
After PID, SMC was implemented on the system. SMC is a non-linear 
control scheme having robust properties which makes it ideal for non- 
linear systems. Simulation results have already shown that SMC was 
able to control the system under study. The experimental results were 
acquired using the same setup as used for PID control tests. The desired 

Fig. 9. Illustration of sit to stand and stand to sit motion.  
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point and the actuation setup was the same as used in previous tests. 
Similar to PID control scheme, SMC control scheme also needed tuning. 
SMC controller has two terms λ and k as gains for tuning the controller. 
These two gains determine the response of the controller and system. 
The results obtained after tuning these two parameters are shown in 
Fig. 12. 

6. Discussion 

A suitable controller is the key to better performance and long life for 
a system that is to be used on daily basis by a patient to fulfil his ADL 
tasks. The purpose of this research was to present a study on modeling 
and control of the device that is intended to be used by disabled patients 

for the purpose of sit-stand motion. The main control problem identified 
in the system under study was the non-linear nature of the system itself. 
The non-linearity of the system is evident from its equations of motion as 
well as its behavior as shown in Figs. 6 and 7. The simulation results 
were obtained for the two control schemes selected. The results of the 
PID controller indicate that the controller requires a great effort in order 
to bring the system under control. This was due to the high values of the 
P, I and D gains. The change in dynamics of the system due to change in 
posture of the patient during sit to stand motion produces oscillation in 
the system which could not be rejected by PID controller as evident in 
Fig. 11. Such huge values of control input are not realizable by an 
actuator. Thus it becomes inevitable to limit the value of control input to 
a feasible region. It is also evident from comparison of simulation and 
experimental results shown in Figs. 6 and 11. The system response for 
both simulation and experimental setup show that PID controller is not 
sufficient for the system under study. Therefore, we needed a more 
advanced non- linear controller in order to bring the system under 
control. SMC is a type of control scheme that embodies two very useful 
aspects. One is its non-linear nature which it inherits from its family of 
variable structure control schemes. The other aspect is the in-variance to 
the parameters of the system which makes it a robust controller. 
Combining these aspects together, most of the non-linear systems can be 
controlled. Another aspect of SMC which enhances its feasibility and 
application on various types of non-linear systems is the design of the 
sliding surface. For more complex systems, more complex sliding surface 
is used. However, for the proposed system we used first order sliding 
surface. The SMC performed better as expected both in simulation and 
experimental evaluation which is evident from Figs. 8 and 12. One of the 
challenges in implementation of SMC was the tuning of gains. It is 
important to understand the impact of each gain on system response and 
the relationship of the two gains with each other. The fine tuning of 
these gains produces fine results which can be seen in Fig. 12. 

7. Conclusion 

For rehabilitation and assistive devices, the level of concern for a 
good design and suitable control shames is inevitable. It is also very 
important to provide a suitable interface through which the user can 
interact with the device. In this study, we proposed an EEG based human 
machine interface for the actuation of the device, the model of an as
sistive device and a comparison between two control schemes for the 
control of states of S-S mechanism of the proposed assistive device. The 
device prototype was developed and experimental testing was per
formed based on an offline human machine interface. EEG signals from 
eye blinks were taken and classified for generation of control commands 
which triggered the system with 88% accuracy. The SMC scheme was 
found effective in controlling the S-S mechanism of the device under 

Fig. 10. Block diagram for experimental setup for S-S mechanism including EEG headset.  

Fig. 11. Experimental results for PID, (a) displacement plot and (b) error plot.  
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study. With SMC scheme, the system required significantly less control 
effort and produced robust results as compare to PID. However, further 
experimentation is required to improve the response and thus the per
formance of the device. In future version of this work, we intend to apply 
a hybrid controller for further enhancing the performance of SMC and 
improving the performance of the S-S system. It is also intended that a 
dedicated embedded system be installed in the device for online clas
sification of EEG signals and running the control algorithm on board the 
device. 
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