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Abstract
This paper studies machine-assisted (mechanized) verticalization technology of patients. The control system is designed
to assure the patient’s safety by dealing with issues such as fall prevention and limits on joint angles’ range of change.
The patient’s comfort is taken into account by imposing limits on the acceleration of different body parts of the patient.
The control system should be tuned with respect to each patient’s specific requirements, because the mentioned limits are
different for different people and may depend on the type of the patient’s illness. To realize this, we study the admissible
region of control system parameters. The control system is designed such that the center of mass of the human-machine
system moves along a certain trajectory with the possibility of controlling its final position and velocity. The influence of
various parameters on the mechanism’s trajectory and balance is discussed. Regions of parameters that allow the system
to stand up without tipping over are presented.
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1. Introduction
Medical treatment and rehabilitation procedures for patients with locomotive disorders often involve the need to
raise the patient to a standing position. People nowadays rely mainly on personal assistants to perform this task. It is clear
that automation of this procedure is needed based on considerations of cost, safety and availability of assistants. Active
research work being done in this field also indicates the importance of this issue [1-3, 14-16, 20].
There are two main approaches to the automation of patient verticalization. The first approach relies on the use
of an external device (assistant robot or special equipment) which takes up the role of a human assistant [1-3, 20]. The
second approach exploits exoskeleton technology that is currently demonstrating significant progress [14-16]. A new
generation of exoskeletons that allows a person to move even in the case of damage of lower extremities recently came
into service. Also, medical research indicates that performing motion with an exoskeleton can speed up recovery of people
with certain types of temporal locomotive disorders.
The development and production of verticalization exoskeletons requires well-developed theory of the
functioning of such systems with particular emphasis on dynamics and control. The common problems in the theory of
walking mechanisms have been developed in [4-13] and other publications. The focus of these publications is controlled
walking, which includes a wide range of problems such as gait generation and motion planning [4-6, 8, 13], stability [5,
7] and obstacle negotiation [11, 12]. Papers [24-26] propose methods to enhance the performance of the walkng systems.
At the same time we should note that for a normal person walking is preceded by the process of sit-to-stand. The problem
of performing controllable sit-to-stand motion with regards to the patient’s safety and comfort is not well studied. There
are a number of medical and technical papers that discuss the different aspects of sit-to-stand motion [14-20]. In papers
[14-16] the use of robot suits that help paraplegic patients [14-15] and elderly people [16] to stand is discussed. Papers
[17, 18] analyse the use of fuzzy logic applications in exoskeletons performing this kind of motion with emphasis on the
use of wearable sensors. Paper [20] discusses the use of an assistant robot that helps a person to stand up. In paper [21]
experimental data obtained from studying sit-to-stand motion of a person is shown and different methods of
approximating it by smooth functions are compared.
At the same time the important issue of limiting the accelerations experienced by the patient and the joint angles’
ranges of change, while simultaneously preserving stability of the mechanism have not been sufficiently studied. Limiting
accelerations is connected with the patient’s comfort, while limiting the ranges of change of joint angles and maintaining
stability of the mechanism are connected with the patient’s safety. So the main purpose of the study is investigation of
the person motion wearing an exoskeleton during sit-to-stand motion
2. Research object
In this work, we focus on the mechanism’s controlled motion during the process of rising i.e. vertical
displacement of the center of mass. Let us look at the mechanism’s analytical diagram shown in Fig.1. The mechanism
consists of four links in the form of uniform rigid rods of length li and mass mi ( i  1..4 ).

Fig. 1. Simplified dynamic scheme of the robotic exoskeleton. 1- 4 – first- fourth links of the mechanism
The centers of mass are located at points C i . The links are joined to each other at points O2 , О3 and О4 , where
the electric drives that generate torques: M 1 , M 2 and M 3 are installed. Link 1 is on a rough surface, with contact taking






place at points O1 and O2 . Forces: N1 , N 2 and F fr1 , applied at points O1 and O2 arise due to this interaction as shown

in the diagram. Forces of gravity, mi g also act on the system.
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Fig. 1 shows a stationary coordinate system,



coordinates: q 

 2

are the functions:  2

O xy (further system (0)). We introduce a vector of generalized

 3  4 T , where  i is the angle between links Oi Oi 1 and the Ox axis. Thus the unknowns

t  , 3 t  ,  4 t  , N1 t  , N 2 t  and F fr1 t  .

Let us consider the case when the foot remains stationary i.e. none of the contact points separate from the surface and
point O1 does not slide. For the given case, N1 , N 2 and F fr1 are limited as follows:

N1  0 , N 2  0 ,

0
F fr1  F fr
1

(1)

0
where Fтр
1 is the maximum value of static friction.

3. Mathematical model of the mechanism
In order to write the mechanism’s equations of dynamics we use the Lagrange equation with constraints. These equations
can be written in general form as follows:
m
h j
d T T



 Qi    j
, i  1,6
dt q i qi
qi
qi
j 1

(2)

where T is the total kinetic energy,  – the potential energy, Qi – the i-th generalized force, h j – the equation of the
j-th constraint,  j – the Lagrange multiplier corresponding to the j-th constraint.
The equations of constraints imposed on the four-link mechanism by the surface are as follows:

xO1

 0 

  0 
h
yO1
  
 yO1  l1 sin1  0

(3)

where xO1 , y O1 are the coordinates of point O1 of the first links.
Taking partial derivatives in (2), we obtain the mechanism’s equations of motion. After differentiating and writing the
equations in the vector form used in works [6-8] we get:



 
A   b  ,    G    f    J    Г

(4)



where A  is the joint space mass inertia matrix, b  ,   – the vector of centrifugal and Coriolis forces, G   – the

vector of potential forces, f   – the vector of dissipative forces obtained by differentiating Rayleigh’s dissipative

function, J   – the matrix of partial derivatives standing before the Lagrange multipliers,  – the vector of Lagrange



multipliers, Г – the vector of generalized forces.
After introducing dimensionless coefficients we rewrite the equations in the following form (following equations are
written down explicitly in [23]):

2  a113 cos( 2   3 )  a124 cos( 2   4 )  a1132 sin( 2   3 )  a12 42 sin( 2   4 ) 
 a14 M 21  a13 cos  2  a14  2  2  3    3 2  k 2  2   3   k3 2 

(5)

3  a 212 cos( 3   2 )  a 224 cos( 3   4 )  a 21 22 sin( 3   2 )  a 22 42 sin( 3   4 ) 
a 24 M 12  M 32   a 23 cos  3  a 24 1  3   4    2  3   2   k1  3   4   k 2  3   2 

(6)

4  a312 cos( 4   2 )  a323 cos( 4   3 )  a31 22 sin( 4   3 )  a32 22 sin( 4   3 ) 
 a34 M 23  M 43   a33 cos  4  a34 1  4   3   k1  4   3 

(7)
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where:
a11 

a 21 

a 31 

m3  2m4 l 2 l 3

a12 

2 J 2  2(m3  m 4 )l 22

,

(m3  2m 4 )l 2 l 3
2 J 3  0.5m3 l 32
2m 4 l 2 l 4
4 J 4  m 4 l 42

 2m 4 l 32

a32 

,

m4 l 2 l 4
2 J 2  2(m3  m 4 )l 22

,

2m 4 l 3 l 4

a 22 

,

4 J 3  m3 l 32

 4m 4 l 32

a33 

2m4 gl 4

2m 4 l 3 l 4
4J 4 

a13 

m4 l 42

,

m2  2m3  2m4 gl 2
2 J 2  2(m3  m 4 )l 22

a 23 

,

4 J 4  m4 l 42

a14 

,

m3  2m4 gl3
2 J 3  0.5m3 l 32  2m 4 l 32

a 34 

,

1
J 2  (m3  m 4 )l 22

a 24 

,

,

4
4 J 3  m3 l 32  4m 4 l 32

,

4
4 J 4  m 4 l 42

.

From equations (5) we obtain the expressions for constraints: N 1 , N 2 and F fr1 which coincide in magnitude with the
components of vector


.









 4
m 
m
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l
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The obtained system of algebraic and differential equations allows us to determine the functions, i , as well as the
time functions of the values of reactions from the supporting surface. We can also determine the values of the torques
required for realizing a given trajectory of the device’s links.
4. Automatic control system
In this work we do not consider the dynamics of the electric drive supposing that the regulator can directly control
its torque. We shall be using the exoskeleton’s control system structure proposed in publication [22]. Work [22] presents
a method that allows us to obtain the desired values of generalized coordinates as time functions in such a way that they
would provide motion of the mechanism’s center of mass along a given trajectory. The position of the exoskeleton’s
center of mass can be written in the form:
4


 xO1   Ki cosi 
 xC  

i 1
y   
4
 C   y  K sin 
O1  i
i
i 1



(11)

where:
4

4
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4
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4
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K4 

4
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,
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Let the desired trajectory of the center of mass be described by the equations:
xC t   a0 ,

yC t   a1  t 3  a 2  t 2  a3  t  a 4 ,

(12)

Then the time functions of generalized coordinates - 1 and  2 that enable the realization of this trajectory considering
constraints (6) are as follows:
 2
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2
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,



3
2
where b1  a0  K1  K 4 cos 4  , b2  a1  t  a 2  t  a3  t  a 4  K 4 sin  4  .

The time function of  4 is given arbitrarily. In order to evaluate the constants, ai the initial and final conditions and the
speed of the center of mass are given as projections on the coordinate axes. Here we consider a control strategy when
initially the center of mass is stationary, and the desired value of its velocity along horizontal axis equals zero during the
whole process of verticalization.
We denote the time in which the mechanism moves from the initial to the final position as tf. We note that at time tf the
value of the center of mass’ velocity along vertical axis can be either zero or nonzero (see Fig. 2). The latter case
corresponds to the acceleration mode before a jump.

a)

b)

c)

Fig. 2. Different versions of the time functions of the center of mass’ velocity a) velocity at time tf equals zero, b) and
c) the center of mass’ velocity at time tf is nonzero
Let us look at the problem of organizing vertical displacement of the device’s center of mass such that the robot’s foot
does not lose contact with the supporting surface. The nullification of normal reactions- N1 and N2 shall be considered as
loss of contact. The flow diagram of the modelled system is shown in Fig. 3..

Fig. 3. Exoskeleton’s control system scheme
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In the Fig. 3 LCMANR means Locomotion Control Method limiting Accelerations and Normal Reactions.
Let us consider the task of determining the region of parameters of the given trajectory of motion of the center of mass
(12) in which verticalization is possible without nullification of normal reactions. We note that the parameters of
polynomials (12) are determined from the boundary conditions (the center of mass’ initial and final positions):
a1 

a2 

2
t 3f

3
t 2f

yC 0  yC t f   22 y C 0  y C t f 

(13)

yC t f   yC 0  t1 2 y C 0  y C t f 

(14)

tf

f

a3  y C 0  a 4  y C 0 

(15)

where t f is the time in which verticalization is implemented.

 

 

We introduce the denotations: y C t f  Y1 and y C t f  Y1 . We find the area of parameters Y1 and Y1 , in which
verticalization is possible without the nullification of reactions N1 and N 2 (see Fig. 4).





Fig. 4. Area of parameters Y1 and Y1 ; 1 – area where N1 t   0 and N 2 t   0 in the whole time interval: t  0 t f , 2



– area where N1 t1   0 or N1 t1   0 for a certain t1  0 t f

 3 – boundary region where results are unclea

The upper and lower boundaries of the obtained region are explained by human physiological capabilities and the
mechanism’s structural peculiarities that impose limitations on the minimum and maximum possible heights of the
system’s center of mass. The right and left boundaries of the region of parameters allow us to determine the maximum
permissible speed of the center of mass at the end of motion. The practical meaning of the right boundary consists in that
it separates “rising” and “jumping”. The region to the left of the ordinate axis shows the motion during which the velocity
of the center of mass is governed by the law shown in fig. 2 (c). During such motion regime the center of mass descends
at time tf. The left boundary of region 1 shows the velocity of descent which can be given so that the mechanism does not
lose contact with the surface.
The obtained results allow us to make a conclusion on the possibility of defining the trajectory of motion of the center
of mass by lower degree polynomials without controlling its velocity at the end of virtualization. It is sufficient to know
whether or not parameters Y1 and Y1 , characterizing the selected trajectory belong to the region 1.
Since the values of a and a depend linearly on Y and Y , we can reconstruct the area shown in fig.5 in the space of
1

2

1

1

parameters a1 and a 2 . The result is shown in fig. 6
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Fig. 5. Area of parameters a1 and a 2 ; 1 – area where N1 t   0 and N 2 t   0 in the whole time interval: t  0 t f , 2



– area where N1 t1   0 or N1 t1   0 for a certain t1  0 t f



The shown area of parameters is similar to a rhombus stretched along a line. The obtained region can be used in
cases when the assignment of the coefficients of the polynomials describing the required trajectory of the center of mass
is done directly. We can conclude that a relatively small change in the values of each of the coefficients, a1 and a 2 can
take the system out of region 1 i.e. lead to detachment of the foot from the surface during rising. This can be avoided by
choosing coefficients near the line described above.
We can now consider the regions of parameters where acceleration of the patient’s head and center of mass of
do not exceed certain limits. To do this we need to plot acceleration distributions.
Since yC t  is a third order polynomial its second derivative is a linear function in t. This means that it has no
local extrema and its maximum absolute value can only lie on the boundary of its domain. Assuming that the desired and
real values for max  yC t  are the same we can use the following expression:

max yC t   max2a2 , 6a1t1  2a2 

t 0 t1 

The acceleration distributions of the center of mass are shown in fig. 6.

Fig. 6. Acceleration distributions for the center of mass
The counter lines of the Fig. 6 separate parameter regions based on maximum accelerations the center of mass should
have for their parameter values.
To find absolute value of acceleration of the head we need use the next formula:
1/ 2

2
2
 4
 4
 

2
2






a h     Li  i sin i    i cos i      Li  i cos i    i sin i   
 i 2
 i 2
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where L4 is the distance between the hip joint and the head and L2  l2 , L3  l3 . In this work we find numerically the
maximum value of this function in the time interval: t  0 t1  . The resulting regions of parameters are shown in Fig. 7

Fig. 7. Acceleration distributions for the head
Although the shapes of counter lines on Figs. 6 and 7 are different, we notice a general similarity. The obtained graphs
present a way of taking into account the patient’s comfort during the stage of designing control tasks.
4. Conclusion
In this paper, the exoskeleton system used for patient’s verticalization was considered. We use approach for
normal reaction force’s values control to achieve balance of the system. Accelerations of patient’s head and center of
mass were controlled. For the case when the exoskeleton is performing standing up motion by moving its center of mass
along a given trajectory, admissible regions for control system’s parameters were obtained. Different ways of representing
this area were shown, the advantage of using one of them was discussed. Influence that parameters have on normal
reactions and accelerations of the center of mass and the head give information about safety and comfort for the user.
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