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Abstract— This paper deals with the problem of simultaneous
motion control of multi-segment spine and dual arm robot.
Firstly, the mechanical design of SARA robot (Socially
Acceptable Robot Assistant) is described. SARA is designed to
have a spine with 6 degrees of freedom (DOFs) and two arms
with 7 DOFs each. The proposed mechanical design ensures good
mobility and anthropomorphic motion of robot. Afterwards,
kinematic parameters and dynamic model of SARA robot are
introduced and simultaneous motion control of spine and arms is
proposed. During the design of the control law nonlinearity and
coupling of robot system has been taken into consideration.
Therefore, we proposed the robust nonlinear control law that can
compensate external disturbances. The control law is verified for
reaching and moving of object with unknown mass located at the
table in front of the robot.
Keywords-assistive
nonlinear control

humanoid

I.

robots;

object

reaching;

INTRODUCTION

Nowadays number of robots and their presence in human
environment is constantly increasing. Modern industrial robots
have been designed to cooperate with humans in factories [1].
Significant results have been also achieved in fields of service
robotics [2] and assistive technologies [3, 4]. In all these
applications it is important to make robots safe for people in
their surrounding and to provide design and functionality of
robots that would make people feel comfortable in their
presence. For successful human-robot cooperation it is
necessary to fit robot design and its functionality into
established human social frames and protocols. Robot
prototype, presented in this paper, is being developed at the
University of Novi Sad, Faculty of Technical Sciences, and it is
conceived as a mobile platform for research of socially
acceptable robot behavior. This research includes bilateral
interaction between humans and robots, speech recognition and
synthesis, gesticulation, emotion recognition and expression,
and robot behavior in unstructured environment. Since the
humanoid robot is not manufactured yet, the experiments of
integrated system including industrial robot, stereo vision
system and speech recognition and synthesis system with
cognitive dialog management system have been realized [5].
Manipulation with various objects is one of the basic tasks
for robots working in human’s environment. Since human arms
are among the most advanced manipulation systems in nature,
they were used in our work as inspiration for mechanical
design of robot arms. Therefore robot arm design with 7 DOFs,
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inspired by human arm anatomy, is proposed in this paper in
order to make robot arm movements as much as possible
efficient and similar to human arms movements.
There are a lot of successful realizations of anthropomorphic robot arms. Some state-of-the-art solutions can be seen in
robots DLR-Lightweight-Robot-III [6], ARMAR [2] and
ROBONAUT [7]. These robot arms are actuated with electrical
DC motors and have anthropomorphic kinematic structure with
7 DOFs, which makes them kinematicaly redundant. In some
solutions of robot arm design pneumatic actuators are used [8].
Artificial pneumatic muscles are intrinsically compliant, due to
the compressibility of air, and have great mass/payload ratio
[9] but they need compressed air.
Most of humanoid robots are developed with rigid torso,
which makes their movement unnatural and constrained [10].
There are only few realizations of flexible robot spines. Some
of them are robots KENTA [10], UCL [11] and KOTARO [12].
These solutions are biologically inspired and copy the anatomy
of human spine. Spines of these robots are tendon driven which
makes them more compliant and increases safety in case of
physical contact with humans. They also have very low
backlash. Flexible spine is able to absorb mechanical shock or
impact. Disadvantages of these solutions are lower accuracy
and repeatability. Tendons are susceptible to stretching due to
material aging and creep. This can badly affect system
performances. Another common solution of robot spine design
is based on 2 DOFs tendon driven differential drive. This
design can be seen in robots iCUB [13] and ARMAR [14]. It is
very compact and has high stiffness and accuracy. Since the
whole trunk motion is realized in a single joint it does not look
natural and anthropomorphic.
In this paper a lumbar spine structure with 6 DOFs,
proposed in [15], will be used. Spine consists of three serially
connected segments, each having 2 DOFs, rotation and lateral
flexion. Such movable spine structure increases workspace of
robot arms and significantly contributes to anthropomorphic
appearance of robot upper-body motion.
Since every model is only approximation of real system it is
expected that the real robot will have slightly different
parameters compared with corresponding CAD model. Besides
parametric uncertainty robot will be exposed to external
disturbances caused by collisions or unknown payload masses.
Therefore it is necessary to design control algorithm which is
robust to parameter uncertainties and disturbances, while still
capable accurate trajectory tracking.

Paper is organized as follows. Basic description of robot
upper-body mechanical design is given in chapter II. In chapter
III kinematic and dynamic model of robot are presented
followed by description of control algorithm. The simulation
results for trajectory tracking problem in presence of parameter
uncertainties and external disturbance is presented in chapter
IV. The paper concludes with final remarks in chapter V.
II.

MECHANICAL DESIGN

Mechanical design of biologically inspired anthropomorphic robot arms and multi-segment lumbar spine structure is
described in this chapter. In Fig. 1. CAD model of robot upperbody is shown.
Kinematic structure with 7 DOFs, closely approximating
human arm, has been adopted for robot arm. Shoulder has 3
DOFs and consists of three revolute joints whose axes of
rotation intersect in one point.

considered during design phase. For actuation of lateral flexion
joints brushed DC motors are used. These motors have
integrated planetary gearheads and incremental encoders for
angle and angular velocity measurement. Power transfer from
motor shaft to joint shaft is realized with spur and worm gears.
Worm gears are used to achieve compact design and selflocking in any posture. Thus, increased reliability and
preservation of upper body posture without additional energy
consumption has been achieved. For additional height
reduction, specially profiled worm wheel has been designed.
Torsion joints are realized as specially designed inseparable
axial bearings. For actuation of torsion joints linear actuators
are used. These actuators consist of DC motor with spindle
drive and have embedded linear potentiometers. In Fig. 2. CAD
model of robot lumbar spine is shown.

Figure 2. The lumbar spine CAD model: (left) in upright position; (right)
flexion (30°) +torsion (45°)

Figure 1. CAD model of robot upper-body

All DOFs of shoulder are actuated with brushless DC
motors (Dunkermotoren BG series motors), with integrated
multi-turn digital absolute and incremental encoders to
measure joint positions and velocities. Actuators for first and
second DOF are placed in robot torso to reduce masses and
moments of inertia of arm movable parts. Elbow joint has one
DOF while wrist has 3 DOFs whose axes of rotation intersect
in one point. Elbow flexion and wrist rotation are also actuated
with Dunkermotoren brushless DC motors with integrated
encoders, same as in the shoulder. Wrist flexion and abduction
are actuated with linear actuators. Axes of rotation of these two
DOFs intersect in the center of universal joint which is fixed on
the central rod [16]. These linear actuators have integrated
linear potentiometers for position measurement. Details about
arm mechanical design and mechanical parameters can be
found in [17].
Proposed lumbar spine design has three segments with 6
DOFs in total. This kinematic structure is able to realize
movements of lateral flexion and rotation in each segment.
Medical studies have shown that humans perform
flexion/extension movements in hip up to 45°, not in spine.
Therefore implementation of this movement was not

Total height of three incorporated segments is 201 mm,
diameter of the base is 150 mm, and the spine’s mass is 6 kg (2
kg per segment). The overall lateral flexion range is ±30°, and
torsion range is ±45° (±10° and ±15° in each joint).
III.

MOTION PLANING AND CONTROL

A. Kinematic and Dynamic model of Robot
The software used for modeling [18] is capable of forming
dynamic model of humanoid robots and of simulating robots
with one or more open and closed kinematic chains. Segments
are connected with joints having one rotational degree of
freedom, each. Kinematic structure of robot model is shown in
Fig. 3.
First segment of spine has been adopted as a base link. The
state vector q, consists of the position (x, y, z) and orientation
of the base link (φ, θ, ψ) and the n-elements vector consisting
of relative angles between two adjacent links, where n
represents the number of the mechanism links (base link
excluded). So, the total number of the mechanism DOFs is
6+n:


q =  x, y, z,φ, θ, ψ, q1 , q2 ,…,qn  
T



Let us observe instantaneous position of the end-effector
coordinate frame OA attached to the hand and position of target
coordinate frame OB to which we want to bring it. To achieve
smooth motion when new target position is set, the velocity
sA of OA has to depend on velocity at initial time t 0p . Now, we
will consider situation, when arm movement starts. Initial
velocity sA0 of the coordinate frame OA can be of arbitrary
intensity and direction. Let rA and rB denote position vectors
of coordinate frames OA and OB:

Figure 3. Kinematic structure of robot upper-body
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To realize the arm movement appropriate driving torques
should be applied at each DOF. Since driving torques cannot
be applied to the first 6 DOFs the vector of driving torques is
defined in the following way:
τ = 0, 0, 0,0, 0, 0, τ 1 , τ 2 ,…, τ n  
T

)
τ = H ( q ) q + h0 ( q,q
 )  C ( q,q
 )  G( q )
h0 ( q,q
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goal position, while vector sA  t  denotes desired velocity and
have six components:


sA  v A

ωA   v Ax
T

v Ay

v Az

T

 Ax  Ay  Az  



which correspond to desired linear and angular hand velocity.
Also, instantaneous intensity of linear vint and angular int
desired velocities should be determined. To do this, goal
kr
kr
velocities vint
and int
should be set. By comparing vint and


kr
kr
and int
corrections of desired velocities are
int with vint

determined as:

The dynamic model of humanoid robot is (in accordance
with the defined vectors q and τ):



T

Vector rA depends on joints coordinates, while rB is desired

Kinematic model presented in Fig. 3, has 2 kinematic
chains. The first chain is comprised of the trunk and left arm,
second of the trunk and right arm. The trunk is modeled as
single rigid segment. In this study trunk is not moving,
(position and orientation of trunk is constant) i.e. the first 6
values in vector q are not changing.







where τ is vector of driving torques, q is vector of generalized
coordinates, H(q) is symmetric, positive-definite inertia
 is vector of moments due to Coriolis and
matrix, C(q,q)
centrifugal forces and G(q) is vector of moments caused by
gravitational forces. The overall number of DOFs is 26 (7
DOFs of each arm, 6 DOFs for spine and additional 6 DOFs
representing position and orientation of basic link).
B. Motion planning
The motion planning is based on setting the target position
to which the robot should move its hand linearly. When the
target position is outside the arm workspace, the trunk moves
so that robot can reach the target position. The target position is
a 6 components vector that determines the desired position and
orientation of robot end-effector. In the case of object reaching
task the end-effector is associated with the hands. For motion
whose realization encompasses trunk, the end-effector is
attached to the last segment of the trunk.
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Values of dvint and d int are 0.15m/ms and 0.15rad/ms
respectively. This way, gradual change of desired linear and
kr
kr
angular velocities of frame OA is ensured. Values vint
and int
kr
must be specified within predefined boundaries vint
  0 vmax 
kr
and int
  0 max  . When vector rB

and velocities

intensities vint and ωint are known, vectors p ort
and oeort
e
representing orts of vectors pe  pB  pA and oe  oB  oA
should be calculated. To ensure continuous and smooth desired
velocity change, the following expression has been introduced:


s A  t   1- b  t    s A0  b  t    vint  pe

int  oe  
T



Coefficient b is not constant over time, and has to be
determined to ensure gradual change of s A  t  from initial
velocity s 0A . The coefficient b is determined from equation:



  t - t p 0  / dt 

b  satlin 


200





where J A is the Moore-Penrose pseudo-inverse Jacobian
calculated for OA. Vectors q are current joint angles. In
equation (4) the pseudo-inverse Jacobian is used because arms
are redundant. Desired joint angles qd and desired angular
accelerations qd are obtained by differentiation and integrating
qd calculated from eq. (4).
C. Feedback linearization and sliding mode control
Humanoid robot described with (1) is multivariable,
coupled and strongly nonlinear system. In order to cancel
system nonlinearities feedback linearization has been used. To
apply feedback linearization it is convenient to represent robot
dynamic equation (1) in state space in controllability canonical
form [19]:

Term satlin denotes linear saturation function. In Fig. 4
change of coefficient b (from 0 to 1) if t p 0  1s is shown.

Figure 4. The change of coefficient b when tp0 is 1s

The coefficient b is 1 after 200 iterations, i.e. since dt=1ms,
after 0.2s. If b=0, from eq. (3) follows that s A  t  is equal to
initial velocity s A0 . As time is passing, coefficient b is rising till
value 1 has been reached. When b=1, velocity s A is:
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where u=τ is a vector of driving torques, q is output vector of
joints angles, X is a state vector and f(X) and b(X) are nonlinear
functions of states.
For this method to be successful it is necessary that system
parameters are known and that system model is precise. By
choosing next control law:




s A  t    vint  pe

int  oe  
T



In order to ensure smooth deceleration of arm, the intensity
of linear and angular velocity vint and ωint should be gradually
decreased when OA is close enough to the target position OB.
Decrease of the intensity of linear and angular velocity occurs
when the conditions vint  3  pe and int  3  oe are met. For
example, if the linear velocity of hand is vint  0.1m/s ,
deceleration of arm begins when the distance between OA and
OB is less than 0.033m . During deceleration, the intensity of
velocities vint and int are determined from the equation:



vint  3  pe

int  3  oe



Since it is known how to determine the velocity s A  t  , now
the desired angular velocity of the arm joints qd should be
determined. This can be done with the following equation:


qd  t   J A  q   sA  t  





nonlinearities are cancelled and state space model (5) is
reduced to a system of double integrators:


q  v 



Pole placement method is used to obtain desired dynamics
of the system. If we consider a problem of trajectory tracking,
by choosing v in the form:




τ  b 1 ( v  f ) 

v  qd  K 1e  K 0 e 



where e(t) is tracking error, exponentially convergent tracking
is obtained [19]. Matrices K1 and K0 must be Hurwitz gain
matrices. Gains K1 and K0 are chosen to provide desired
dynamic behavior of the system.
In reality system model is never precise and it is only an
approximation of real system. For that reason it is necessary to
modify control law to make it robust to parameter uncertainties
and disturbances. In this paper robustification is done by using
sliding mode control. Time-varying hypersurface S(t) in the
space is defined by equation s(t,x)=0 where:



s  e  Λe  0 



In eq. (10) Λ is diagonal Hurwitz matrix. Trajectory tracking
problem x(t)=xd(t) can be considered as a problem of remaining on surface S during the motion [20]. Control law (9) is
equivalent continuous control (v=ueq) that would keep
trajectory on hypersurface defined by eq (10) if the system
model were precise. To keep the zero value of s control law
must satisfy so-called sliding condition:



1 d 2
s  η s
2 dt




where η is strictly positive constant that governs the reaching
time [20]. Expression for sliding mode control is now given as
follows:


u  qd  K 1e  K 0 e  K sat  s / Φ  





ˆ (q  K e  K e  K sat  s / Φ )  hˆ 
τH
d
1
0
0



where K is gain of discontinuous term and Ĥ , hˆ 0 are
calculated on basis of a known model. Saturation function has
been used instead of nonsmooth sign function to eliminate
chattering effect [21]. This is done by approximating sign
function in a thin boundary layer around S surface:
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State space model of state and disturbance estimator is
given with following expression:



d ˆ
X  AXˆ  Bu  L( y  CXˆ ) 
dt





q  0 1 0  q  0 
 l1 
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 v   0 0 1  v   1  u   l2  ( q  q ) 
dt  

0 0 0  d  0 
 l 3 
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where q is a vector of estimated joint positions, v is a vector
of estimated joint velocities while d is a vector of estimated
disturbances. Gains of corrective factor L are chosen to make
poles of estimator three times faster than poles of process.
Sliding mode control law (12) can now be modified. Estimated
disturbance is added in eq. (12). Estimated disturbance acts as
an integral term and eliminates the steady-state error. Integral
anti-windup is implemented by restricting the derivative of
estimated disturbance as follows:

where Φ is a thickness of a boundary layer.
In (12) constant sliding mode gain K was used. K must be
large enough to compensate all disturbances and system
uncertainties. This means that most of time, in absence of
disturbance, K will be oversized which reinforces undesirable
chattering effect. So it is desirable to find an expression for
adaptive sliding mode gain K. Proposed solution is based on a
constant disturbance estimator. Feedback linearized system in
presence of disturbance has the following form:


q  u  d 

x1  q , x2  q , x 3  d 

where dmin and dmax are allowed boundary values of disturbance
which define the region where anti-windup is inactive. An
expression for adaptive sliding mode gain K is proposed:



where d is assumed to be constant disturbance vector. Extended
state space model is defined as:
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which helps in eliminating chattering. Sliding mode control
law with disturbance estimator is now given with the following
expression:


u  qd  K 1e  K 0 e  K sat  s /   d 





ˆ (q  K e  K e  K sat  s /    d )  h0  
τH
d
1
0
IV.

SIMULATION RESULTS

The proposed motion planning and control algorithm for
motion control of multi-segment lumbar spine and dual arm
system has been tested through a numerical simulation in
presence of parameter uncertainties and external disturbance.
An example of reaching and moving an object to another
position has been simulated. The final position of an object can
not be reached with the rigid trunk. This simulation shows how
movable spine increases robot workspace and contributes to
anthropomorphic look of robot motion.

ping an object is set. After the robot reaches the position for
grasping the motion of left arm is continued with object
attached to robot’s hand (Fig. 6.). The mass of the object is
near 1kg, but this information is not available to motion control
system. The green line in Fig. 6. represents the trajectory of
end-effector.

Initial pose of robot is shown in Fig. 5. where trunk is in
upright position with arms hanging beside the torso. At the
beginning of simulation the robot moves up its left hand in
order to avoid collision with the table. When robot hand is
3.3cm distant from the target position, a new position for gras-

Figure 7. Robot is moving an object to another position on the table by
simultaniously moving trunk and left arm

The final position of object is set at far left part of the table.
That position can not be reached without moving the trunk.
Thus, while moving an object on destination the trunk is
moving simultaneously with arms, so that the robot is able to
reach the final position. When final position is reached and
object is placed back on the table, the simulation is finished.
V.

Figure 5. Starting pose of the robot and position of the object on the table in
front of the robot

CONCLUSION AND FUTURE WORK

In this paper mechanical design of humanoid robot upperbody, consisting of two arms and lumbar spine, is presented.
Further, the motion planning and robust control algorithm is
introduced. Presented control law is a combination of
feedback linearization and sliding mode control with
implemented state and disturbance estimator. Anti-chattering
technique based on constant thickness boundary layer has
been implemented.
Efficiency of proposed algorithm was tested by a numerical
simulation for reaching an object and moving it to another
position. The destination position is such that the robot has to
move the trunk to be able to reach the final target position.
Results have shown that this control law achieves satisfactory
tracking accuracy since the end-effector motion is linear. Also,
the control law successfully deals with parameter uncertainties
and disturbance. Biologically inspired mechanical design
provides operating range and functionality similar to human’s.
Presented multi-segment lumbar spine increases workspace of
robot arms and contributes to natural appearance of motion.
In further work, an additional joint will be added in a spine

Figure 6. Robot is reaching an object with its left hand

base to allow flexion and extension of the robot spine. Models
of actuators and gears with actuator saturations will be also
included in overall dynamic model. In this paper, joints are
driven by applying the driving toques. After expanding the
overall model of the robot with model of actuators and robots,
the control algorithm will be adjusted since the joints will by
driven by applying appropriate motor voltage.
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