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Abstract—This article presents the mechanical design and
simulation of a two-degree-of-freedom exoskeleton robot to assist
the Sit-to-Stand (StoS) transfer of a person with reduced mobility
due to spinal cord injury (SCI).
Also featured is the simulation of a Robust, Non-singular, Fast
Terminal Sliding Mode Control (RNFTSMC) to control the StoS
transfer.
The exoskeleton will be mounted on a base with four wheels
and two brushless DC motors, it has a rechargeable battery
allowing the translation of the prototype for up to 8 hr of
continuous use, moreover this base has a center with the ability
to compensate for changes in the inclination of the surface, thus
reducing the sensation of falling when making use of service
ramps in the translation of the user.
Index Terms—exoskeleton, control, fast terminal, non-singular,
robust, sliding modes, tracking.

I. I NTRODUCTION
As mentioned [1] and [2], the Stand-to Sit and Sit-to-Stand
(StoS) tasks are basic in the daily life and also is an indicator
of the person’s quality life. The StoS task is affected by the
elderly or diseases in such away that, according to [3] in the
world there are around a billion people whit some impairment.
Mechanics and dynamics of knee, hip and ankle joints are
difficult to obtain in the StoS movement, also external factors
as daily activities [1] and weight [4] determine how much is
the StoS exercise affected, to avoid these difficulties works
presented in [5] and [6] shows some algorithms to obtain
dynamics of the StoS movement.
Currently, many manual devices have been developed but
require a person to support the patient to be able to use the
device, which means that movements are not natural and the
support person develops multiple injuries. In this sense, the
applied robotics tries to develop devices to assist the StoS
exercise, such as the case of robotic wheelchairs [7] or devices
similar to walkers [8]. Other devices have been developed for
the same purpose as in [9], [10], [11].
In [12] a mechanism is presented that uses a pantograph
configuration to assist the StoS. [7] presents the design and
simulation of a robotic device to assist the StoS in three phases
(Sit-to-Stand, Stand-To-Sit and walk), its design is based on
a chair which with recurring use leads to bad user positions
limiting their independence.
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The work of [13] presents an assistant robot for the elderly
in which the behavior of the jerk was analyzed in order to
generate a more natural movement; while in [14] it presents
a StoS movement trainer device, it also has the ability to
modify the amount of support of the assistant to perform an
active rehabilitation. In [8] is presented a device similar to a
walker that works with linear actuators mechanically coupled.
In addition, the forces of interaction between the human and
the device were analyzed during the StoS; while in [15] a
robotic exoskeleton is presented that has two forms of control
in autonomous mode (speed and torque) and in haptic mode
(torque and admittance). In [16] a preliminary design of a
lightweight and highly stable robotic system for the assistance
of the elderly is presented, designed for a specific pathology
(not mentioned) in this way, it would provide the necessary
support for StoS and walking.
Now a days sliding modes is one of the most used control
strategies, this controller has robustness with respect to nonlinearities, easy implementation and in many cases finite time
convergence is achieved. Sliding modes can be divided into
two classes, Continuous (CSMC, integral, continuous terminal,
continuous twisting) [18] or discontinuous (DSMC, twsting,
terminal, suboptimal). DSMC controls perform better and
are intended to reduce the chattering effect when used in
combination with actuators with slow actuators as mentioned
[17]. The Robust, Non-singular, Sliding Mode Terminal Rapid
(RNFTSMC) control is DSMC type that can removes singularities with finite time convergence and is also robust to matched
and unmatched [19] uncertainties.
This article presents the mechanical design and simulation
of the RNFTSMC control for tracking in a mobile exoskeleton
robot to assist StoS transfer and the transportation of a person
whit reduce mobility. This exoskeleton can be seen in Figure
1.
A novelty of the proposed device is its ability to modify
its orientation on the y-axis, making it possible to compensate
handicapped ramps of up to 20 degrees or 12%.
The article is organized as follows: Section 2 presents the
mechanical design of the robot, dynamic model is introduced
in Section 3, results of the simulation of the RNFTSMC control is shown in section 4, finally in Section 5 the conclusions
are presented.

II. M ECHANICAL DESIGN
The exoskeleton was designed to suit a person with a height
from 150 cm to 190 cm and a weight up to 130 kilograms.
The principal objective of this exoskeleton is assist the StoS
task.
The prototype is made up of three main parts:
• The exoskeleton, which consists of two parallel bar
systems, with joints made of Nylamid, steel bars and
controlled by two linear actuators.
• A mobile base, consisting of four wheels and two brushless motors.
• Stabilization system, formed by a metal plate connected
by bearings to the mobile base and controlled by a linear
actuator.

Fig. 3: Exoskeleton’s free body diagram that shows the basic
elements to obtain the dynamical model.

M(q)q̈ +C(q, q̇)q̇ + F(q̇) = τ

(1)

where M(q) is the inertia matrix given by:
M11 = m1 lc21 + I1 + m2 l12 + 2m2 l1 lc2 cos(q2 ) + m2 lc22 + I2
M12 = m2 l1 lc2 cos(q2 ) + m2 lc22 + I2
Fig. 1: CAD model of the exoskeleton to assist bipedestation.
To increase the comfort of the user when the exoskeleton is
used for long periods, a hip support was designed, which will
hold the user in front of the chest and the total weight of the
user will fall on a saddle as mentioned in [20] and is shown
in Figure 2

M21 = m2 l1 lc2 cos(q2 ) + m2 lc22 + I2
M22 = m2 lc22 + I2

M11
M(q) =
M21

M12
M22


(2)

C(q, q̇) is the centripetal and Coriollis forces matrix, that
can be written as follows:
C11 = −m2 l1 lc2 sin(q2 )q˙2
C12 = −m2 l1 lc2 sin(q2 )q˙1 − m2 l1 lc2 sin(q2 )q˙2
C21 = m2 l1 lc2 sin(q2 )q˙1
C22 = 0

C
C(q, q̇) = 11
C21

Fig. 2: CAD design of the hip support showing the theoretical
use of a saddle.
III. DYNAMICAL MODEL
The exoskeleton robot proposed is a 5-DoF robot composed
by 2 subsystems: the exoskeleton and the mobile base. An
important consideration is that the exoskeleton has two elements of parallel bar systems, left and right, that are parallels
between them, also the StoS transfer is performed while the
mobil base is at rest, for these reasons the dynamical model of
exoskeleton can be considered as 2-DoF robot. The free body
diagram of the exoskeleton is shown in Figure 3.
The dynamical behavior of the system is described by the
following equations:

C12
C22


(3)

F(q̇) is the effects of the friction forces matrix, this matrix
includes the viscous and coulomb frictions, i.e.:


1.95q˙1 + 1.95sign(q˙1 )
F(q̇) =
(4)
0.95q˙2 + 0.95sign(q˙2 )
G(q) is the vector that includes the gravitational forces as
follows:
G11 = −(m1 lc1 + m2 l1 )gsin(q1 ) − m2 glc2 sin(q1 + q2 )
G21 = −m2 glc2 sin(q1 + q2 )
G(q) =
and τ is the vector of torques defined as:
 
τ
τ= 1
τ2



G11
(5)
G21

(6)

Where τ1 and τ2 are the knee and base torques respectively;
m1 and m2 are the masses of links 1 and 2; l1 and l2 are the
lengths of each link; lc1 and lc2 are the distances from the
start of the link to its center of mass; q1 and q2 are the angular
positions of the links; and I1 and I2 are the moments of inertia
of each link.
In our dynamic model it is easy to verify that each dynamic
quantity can be divided into two parts, the first one refers to
the parameters of the exoskeleton and the other one refers
to the disturbance introduced by the user of the exoskeleton,
therefore the model in Equation 1 can be expressed as:
Fig. 4: Reference trajectory for knee joint.
(M0 (q) + δ M(q))q̈ + δC(q, q̇) +C0 (q, q̇)
+G0 (q) + δ G(q) = τ(t) + τd (t)

(7)

where the subscript zero indicates the nominal value of the
dynamic quantity and the prefix ξ indicates the uncertain parts
of each dynamic quantity.
IV. S IMULATION
Taking q̈ from Eq.1 as follows:
q̈ = M(q)−1 [C(q, q̇)q̇ + G(q) + F(q̇) + τ]

(8)

where τ is the control input selected as Robust Nonsingular
Fast Terminal Sliding Mode Control (RNFTSMC), this controller ensures convergence of the system states in finite time,
removes singularities and is robust to matched and unmatched
uncertainties, this control strategy was analized in [21] and
applied in [19]. The sliding surface is defined as:
σ (t) = ε1 + λ1 |ε1 |α sgn(ε1 ) + λ2 |ε2 |β sgn(ε2 )
σ̇ (t) = ε2 + αλ1 |ε1 |α−1 ε2 + β λ2 |ε2 |β −1 ε̇2

Parameter
l1
l2
l3
lc1
lc2
m1
m2
I1
I2
g
k1
k2
k
α
β
η

Value
0.58
0.56
0.25
0.29
0.28
0.500
0.400
0.004
0.0011
9.8066
0.09
0.09
50
2
5/3
0.5

Unit
m
m
m
m
m
kg
kg
kg*m2
kg*m2
m/s2

TABLE I: Simulation parameters.

(9)

where εi , i = 1, 2 is the position and velocity error, λi , i = 1, 2
are positive constants and also 1 < β < 2 and α > β , then the
control law is taken from [21] as:
τ(t) = τeq (t) + τsw (t)
τeq (t) = M0 (q)q̈ +C0 (q, q̇)q̇ + G0 (q)−


M0 (q)
|ε2 |2−β 1 + α1 |ε1 |α−1 sgn(ε2 )
β k2
τsw (t) = −M0 (q) [λ s + (δ1 + φ )sgn(s)]

(10)

where subindexes zero indicates the nominal parts of the each
dynamical quantities, φ is a small positive constant and λ
is a positive defined gain matrix. The Stability Proof of this
controller can be founded in [21].
Simulation results of this controller are the shown in the
following figures.
The reference trajectory is shown in Fig.4, this trajectory is
designed to move the robot from sitting to standing position
and vice versa.
In Table I the values of the parameters of the system to be
simulated are presented.

Fig. 5: Trajectory tracking in the Sit-to-Stand task for knee
joint.

Fig. 6: Trajectory tracking in the Sit-to-Stand task for base
joint.

B. Simulation results in the Stand-to-Sit task
Figures 10 and 11 shows the trajectory tracking of the knee
and base joints. Figure 12 shows the error dynamics of knee
and base joints, 13 and 14 shows the control signals and sliding
surfaces respectively.

Fig. 7: Error in the Sit-to-Stand task. The blue line shows the
tracking error for knee joint while red line shows the tracking
error for base joint.

Fig. 10: Trajectory tracking in the Stand-to-Sit task for knee
joint.

Fig. 8: Control signals.

A. Simulation results in the Sit-to-Stand task
Figures 5 and 6 shows the behavior of the knee and base
joints in the sit to stand task, Figure 7 shows the error
dynamics, Figures 8 and 9 shows the control signals and the
sliding surfaces.
Is easy to verify that the tracking is achieved in a short time
and also, the control signals are not bigger than the torque
of the linear actuator [22] selected for the construction of
experimental robot. In the case of the base joint, the simulation
emulates a change in the slope from the maximum value of
slope to the minimum value.

Fig. 11: Trajectory tracking in the Stand-to-Sit task for base
joint.

Fig. 12: Error in the Stand-to-Sit task. The blue line shows the
tracking error for knee joint while red line shows the tracking
error for base joint.

Fig. 9: Sliding surfaces.

This kind of controller has the advantages of compensate
external disturbances and uncertanties of the model, In addition, it ensures fast and finite time convergence as can be seen
in the Figures 10 and 11, it should be noted that the torque
required to perform the StoS transition does not exceed the

Fig. 13: Control signals.

Fig. 14: Sliding surfaces.

torque that can be applied by the selected linear actuators.
In this way we can conclude that the simulation results are
favorable.
V. C ONCLUSIONS
This work presents the mechanical design and simulation of
a RNFTSMC applied into an exoskeleton robot to assist the
StoS transition. The use of a saddle in this kind of devices
solves the problem of use the exoskeleton for long periods of
time increasing the comfort of the user avoiding future injuries.
The RNFTSMC ensures the good trajectory tracking of the
system states avoiding external disturbances. The ability of
compensate slope changes of mounting base reduce the user’s
feeling of fall, improving the quality of life.
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