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Abstract. This paper discusses various methods of obtaining time functions for joint angle that describe a 
exoskeleton's motion during sit-to-stand motion. This article demonstrates that functions obtained by solving 
the inverse kinematics problem can be effectively used as inputs to the control system of the robot. Comparison 
with experimentally data obtained using marker technology is done. 

1 Introduction 

Nowadays systems composed of two main elements- man 
and machine have become more common in robotics. 
These systems include devices called exoskeletons which 
are used to extend human abilities and enhance 
performance. The interaction of these two components 
determines the quality of the system as a whole. 

A new generation of exoskeletons that allows a 
person to move even in the case of damage of the lower 
extremities recently came into service. In addition it 
becomes possible to significantly expand human 
capabilities when a person performs tasks that impose 
high demands on endurance and physical strength. 

Obviously the creation of such devices is possible 
with a well-developed theory ofthe functioning of"man­
machine" systems with particular emphasis being given 
to control. This also demands consideration of the man­
machine interaction. Common problems in the theory of 
walking mechanisms have been developed in [1-10] and 
other publications. The focus of those publications is 
controlled walking which includes a wide range of 
problems such as gait generation and motion planning 
[1-3, 5, 10], stability [2, 4] and obstacle negotiation 
[8, 9]. At the same time we should note that for a normal 
person walking is preceded by the process of standing up. 
The problem of performing controllable motion when 
standing up is not as well studied as walking. There is a 
number of medical and technical papers discussing 
different aspects of sit-to-stand motion [11-17]. In papers 
[11-13] the use of robot suits that help paraplegic 
patients [11-12] and elderly people [13] to stand is 
discussed. Papers [14-15] analyze the use of fuzzy logic 
applications in exoskeletons performing this kind of 
motion with emphasis on the use of wearable sensors. 
Paper [17] discusses the use of an assistant robot that 
helps a person to stand up. In paper [18] experimental 

a Corresponding author: teormeh@inbox.ru 

data obtained from studying sit-to-stand motion of a 
person was shown and different methods of 
approximating it by smooth functions were compared. 

After analysing the amount of presented work we can 
conclude that there hasn't been enough research in the 
area of experimental study of the motion of a person 
wearing an exoskeleton during the process of standing up 
as well as the analysis of methods of verification, 
processing and application of such data. 

In this work an experimental study of a motion of a 
human wearing exoskeleton is carried out. We will use 
the data obtained from experiment discussed in the paper 
[18]. The measurements are done with sensors and using 
visual markers and camera footage to obtain certain 
kinematic parameters. The data is used to produce 
trajectories of exoskeleton parts that will drive the 
machine from sitting to standing position. This approach 
of obtaining such trajectories is an alternative to the one 
proposed in [19] where the trajectories were generated by 
solving the inverse kinematics problem. The advantage of 
using experimental data to generate the trajectories is the 
possibility of taking into account more individual features 
of the moving patterns of a person wearing an 
exoskeleton, thus making the machine more adaptive for 
the user. 

2 Statement of the problem 

The person's position is determined by generalized 
coordinates. In this paper we consider the case when a 
system of three generalized coordinates defines the 
orientation of the shin, hip and trunk. These parts of the 
human body execute plane-parallel motions whilst the 
foot remains stationary. Hence it turns out that the 
person's movement can be considered as that of a four­
link mechanism with one fixed link (fig. 1). 
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Figure 1. Four-link mechanism used to model a person wearing 
an exoskeleton. 

The shin's orientation is determined by angle rp2 , the 

hip's orientation - by angle fP3, and the trunk's 

orientation- by angle rp4 . The links have length li and 

mass mi, i = 1,4. Mi,i-1 are torques acting on the i-th 

link. 
The forward kinematics of the mechanism 

described by the following expressions: 

r
x01 + ~ 11 cos(rp1 )+ 0.5/i cos(rpJJ 

-(0) - ]=1 
rC! - i-1 ' 

Ym + l:t1 sin(rpJ+0.5li sin(rpi) 
) =1 

r
xm + t!J cos(rpJ 

-(0) - j=l 
r0i+1- i ' 

Ym + LIJ sin(rpJ 
j=l 

are 

(1) 

(2) 

where -rg> and r/;~) are radius vectors, describing 

position of points cj and oj respectively; XobYOl 

coordinates that describe the position of point 0 1 . 

Assuming x01 = y01 = 0 the position of the center of 

mass (CM) of the mechanism is described by the vector 

r2:0) (see [18]): 

i=l 

We will consider the case when the person's CM 
moves along a line described by a parametric equation 
during the process of standing up. Then we can solve the 
inverse kinematics problem and obtain expressions for 
rpz and fP3 that drive the CM along that trajectory: 

-1[llbll2 +Kf -Ki J -1[ q) 
rpz =-cos 2K1IIbll +cos w;jf ' 

-1[llbf+Ki-Kf] -1[b1) 
rp3 = cos 2K zllbll + cos lib II ' 

(4) 

[x~(t )- K1 cos(IP!)- K4 cos(rp4)] [ 
where b = , t E t 1 

y~(t)-K1 sin(~Pt)-K4 sin(rp4) 

and x~ (t ), y ~ (t) are functions that give parametric 

representation of the CM's trajectory. rp4 can be chosen 

arbitrarily provided that for any value of rp4 it should be 

possible to form a triangle with sides Kz , K 3 and llbll· 

We will choose rp4 to be a polynomial function 

4 
rp4 = Lajr4>tP ,t E [t1 t2 ]. 

p=1 

We should note that before starting the verticalization 
process the mechanism should relocate its center of mass 
such that the mechanism would be statically stable. This 
can be done by lowering the 4-th link. We will call this 
part of motion the "preliminary phase". A similar kind of 
motion is performed by a person when standing up from a 
chair. The motion of the 4-th link during preliminary 
phase is described by a polynomial function 

4 
rp4 = "f..b)r4)tP , t E [t0 t1). 

p=1 

The obtained expressions are shown in fig. 2. The 
time interval O<t<l s corresponds to the preliminary 
phase. 

Figure 2.Graphs of 1 - rp2 , 2 - fP3 , 3 - IP4 . 

We should note that in practice if all computations are 
done on the robot's on-board computer the use of 
expressions (4) may not be optimal. Using a spline 
approximations for functions rp2 and fP3 might speed up 

computations by alleviating the need for computing . . 
mverse cosmes. 

The dynamics of the mechanism can be described by 
three equations of motion: 
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2 

¢i{Jc4 + m4l!J+¢3m4/3~4 cos(qJ:, -rp4) + 

.. l2l4 r ) . 2 l2l4 . ( ) + rpzm4 - cos~rpz - rp4 + rp2 m4 - SID rp4 - rp2 + 
2 2 

. 2 [3[4 . ( ) 1 l ( ) ( . . ) +qJ3m4-siD rp4 -qJ:, =--g 4m4cos 1714 -114 rp4 -qJ:, +M43· 
2 2 

From these equations we can derive expressions for 
torques M i,i-1 as functions of generalized coordinates 

and their derivatives. The graphs of Mi,i-1 are shown in 

fig. 3. 

M1 1· 

M32· 

M43· 

N·m. 

Figure 3.Graphs of 1- M 21 ,2- M32, 3- M43. 

We observe that during the preliminary phase the 
torque graphs have a parabolic shape and after the end of 
this phase they rapidly change their form, producing 
small peaks at t = 1 s. This peak appears because of the 
instantaneous change in the second derivatives of cp2 , 

CfJ3 ' CfJ4 • 
In practice it is not always possible to use the torques 

obtained by inverse dynamics to control a mechanical 
system. Small disturbances that were not taken into 
account when building the model can lead to loss of 
stability of the mechanism. To amend this feedback 
control is used (see fig. 4). 

Here we consider a control system with a MIMO 
(multi input multi output) controller. Details on the 
implementation of this control strategy for an exoskeleton 
can be found in paper [18]. The graphs of cp2 , CfJ3 and 

cp4 obtained for the case with feedback control are 

shown in fig. 5. 
The graphs shown in fig. 5 are very similar to the 

ones shown in fig. 2. There is a slight difference during 

the preliminary phase. Graphs of torques Mi,i-1 

generated by the control system (see fig. 6) show a more 
visible difference from the graphs shown in fig. 3. 

o, 4 

'l' , c, 

'l'; e2 

'l', 

'l' l 

Figure 4. Mechanism with feedback control system. 
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Figure 5. Graphs of 1 - cp2 , 2 - CfJ3 , 3 - cp4 obtained for 

the case with feedback control. 

Figure 6.Graphs of 1 - M 21 , 2 - M 32 , 3 - M 43 obtained 

for the case with feedback control. 

We note that the peaks observed earlier are smoothed 
out, while the shape of the graphs is mostly preserved. 
This indicates that feedback control is well suited for 
implementation of this type of motion. 

3 Experimental study 

In the last section we showed that the graphs of joint 
angles obtained by solving inverse kinematics problem 
and angles that come from solving equations of motion 
for the mechanism are similar, which suggest that it is 
possible to use feedback control to implement this type of 
motion of a four link mechanism. At the same time we 
should take into account the fact that the motion of the 
exoskeleton is performed both by the mechanism and the 
operator. If the motion is unnatural for the operator they 
will feel discomfort which may become an important 
issue if the person wears the exoskeleton daily. 

To study the difference between the human's sit-to­
stand motion and the motion discussed in the previous 
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section we will use experimental data derived from 
experiments done in the laboratory of the department of 
Mechanics, Mechatronics and Robotics, Southwest State 
University. The sensor suit can be equipped with visual 
markers that allow use of cameras and video processing 
to obtain kinematic parameters of the motion. Fig. 7 
shows the human in the rising process, wearing 
measuring system built in the laboratory. Some details of 
the · can be found in 

Figure 7. A person in the process of standing up. 

The experimental setup shown in figure 6 consists of 
a seven-link mechanism that can be fixed on a human 
body such that the links are attached to the body parts by 
straps. When motion takes place in sagittal plane with the 
legs moving synchronously the three pairs of links move 
identically, which is why it is possible to use the four link 
mechanism as a model for this case. Each link has an 
accelerometer fixed on it in such a way that allows the 
use of the accelerometer for measuring angular 
displacements. Every joint is equipped with an encoder. 
The links strapped to the person's feet are equipped with 
pressure sensors. 

The corresponding numerical dependences are shown 
in fig. 8. 

1 2 3 ~ t. s 

1, 2 and 3 -graphs tpz (t), 1P3 (t) and tp4 (t), respectively 

Figure 8. Experimental data after smoothing process. 

The graphs shown in fig. 8 were obtained after 
averaging by a sliding window. 
After comparing experimental data with expressions 
obtained by solving inverse kinematics problem we 
should not that the person in the experiment stands up 
faster, there are differences in the range of joint angles 
and at the end of the motion he stands up right with all 
angles being equal 90 degrees. The use of inverse 
kinematics to drive the exoskeleton into such a 
configuration presents great difficulty, because that is the 
mechanism's singular position. The difference in speed 
can be accounted for by changing the functions, 

x~(t ~y~(t) and parameter t1• 

It is possible to use experimental functions of joint 
angles as the control system's inputs. It is advantageous 
to approximate these functions by smooth functions. 

In paper [19] various ways to approximate such 
experimentally obtained graphs by smooth functions are 
presented. It was shown that approximation by 
trigonometric polynomials has disadvantages in the 
constant parts of the graphs. Approximation by spline 
functions was shown to give more advantages. 

To construct an approximation of the experimentally 
obtained graphs tpz (t), tp3 (t) and tp4 (t) we divide 

functions tpz (t) and tp3 (t) into three portions and tp3 (t) 
into four sections, as was done in [19]. Let this 
partitioning occur at the points corresponding to the time 
instants: t21 = 3.48 sec, t22 = 4.93 sec for the graph 

tpz (t), and t31 = 2.69 sec, t32 = 4.4 sec for the graph, 

tp3 (t), and t41 = 1.38 sec, t42 = 2.56 sec, t43 = 4.03 sec 

for the graph, tp4 (t) . The first section and the last section 

of each spline are specified by a zero order polynomial 
and the rest is defined by a seventh order polynomials. 

To calculate the polynomial coefficients, we can write 
the following conditions: 

Sz(tz!)= IPz(tzd 
Sz (tzz) = IPz (t22) 
S2 (t21)= 0 

S2 (t21)= 0 

s~(t21)= o 
S2 (t22 )=0 
S2 (t22 )= 0 

s~(tzz) = 0 

s3(t31)= 1PJ(t31) 
s3(td= ~PJ(t3z) 
s3(t3,)= o 
s3(t3,)= o 
s~(t3,)= o 
s3(td=o 
s3(td =o 
s~(td = o 

s4(t41)= 1P4(t41) 
S4(t4z)= 17'4(t4z) 
s4(t43)= 1P4(t43) 
s4(t41)= o 
s4(t41)= o 
s4(t41)= o (5) 

s4(t42)=o 
S4(t4z)=O 
s~(t4z)= 0 

s4(t43)= o 
s4(t43)= o 
s4(t43)=o 

where S2 (t ), S3 (t ), S4 (t) are the spline functions used to 

approximate the functions, tpz (t) , tp3 (t) and 1P4 (t) , 
respectively. 

Splines that fit conditions (5) are shown in fig. 9, a). 
Their first and second derivatives are shown in fig. 9, b) 
and c). 

s~ 
sj 
S 150 
• 4 

deg 

a) 0 1 

c) s t, ~ 

1, 2, 3- functions S2 (t1S3(t),S4(t), 4, 5, 6- functions 

S2 (t),s3 (t),S4(t), 7,8,9- functions S2 (t1S3(t1S4 (t) 
Figure 9. Graphs: a) spline functions, b) first order time­
derivatives of spline functions, c) second order time­
derivatives of spline functions (see [19]). 
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It is possible to achieve the absence of function 
discontinuities in the graphs of the time functions of 
generalized velocities and accelerations (fig. 9 (b) and 
(c)) because of the seven order spline functions. 

4 Conclusion 

This paper discusses the approach to obtain and study 
trajectories the sit-to-stand motion of an exoskeleton. A 
comparison between the trajectories obtained by solving 
inverse kinematics problem and the ones from solving 
equation of motion was carried out. It was shown that the 
obtained time functions of generalized coordinates can be 
used as an input to the feedback control system to 
produce the desired motion. Experimental data collected 
from experiments carried out at the department of 
Mechanics, Mechatronics and Robotics at Southwest 
State University was used to assess how much that 
motion disagrees with natural human movements during 
standing up process. The results of the comparison were 
discussed. It was noted that it is also possible to use the 
experimental data as input to the control system. To do 
that approximation by spline functions was done. 
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