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ROBOT ASSISTED LASER SCANNING 
 

Cesare Rossi            Sergio Savino             Salvatore Strano 

University of Napoli “Federico II” 
 

ABSTRACT 

The main aim of the research consists in the developing of a new method for the calibration 
of a 3-D laser scanner, mostly for robotic applications. The rig essentially consists in a laser 
emitter and a webcam with fixed relative positions. In addition, a cylindrical lens is 
provided with the laser housing in order to obtain a planar light. An optical filter was also 
used in order to segment the laser stripe from the rest of the scene. 
The method was tested on both planar and non-planar surfaces. Tests confirmed that it is 
possible to calibrate the intrinsic parameters of the video system, the position of the image 
plane and the laser plane in a given frame, all in the same time. In addition it was possible 
to recognize and to record surface shapes with an appreciable accuracy. The authors 
present some test results showing that the proposed method can be used for robot assisted 
3D surfaces recognition and recording. For this last purpose the test rig is fitted on a robot 
arm that permits to the scanner device to ‘observe’ the 3D object from different and known 
positions. 
The method could be also used in other applications such as robotic kinematic calibration. 

 

Keywords: robotic applications, laser scanning, vision systems, 3D reconstruction 

 
 

1  INTRODUCTION 

Laser scanning range sensors are widely used for high-
precision, high-density three-dimensional (3D) 
reconstruction and inspection of the surface of physical 
objects [8]. The process typically involves planning a set of 
views, physically altering the relative object-sensor pose, 
taking scans, registering the acquired geometric data in a 
common coordinate frame of reference, and finally 
integrating range images into a non-redundant model [9]. 
Efficiencies could be achieved by automating or semi-
automating this process. The first aim of the research was 
to study an analysis procedure to elaborate image of laser in 
order to obtain 3-D object reconstruction, after an 
opportune system calibration. The technique has been 
automated by developing an interactive GUI to acquire and 
to elaborate data. Reverse engineering is concerned with 
the problem of creating computer aided design (CAD) 
models of real objects by interpreting point data measured 
from their surfaces [9, 10]. For complex objects, it is 
important that the measuring device is free to move along 
arbitrary paths and make its measurements from suitable 
directions. 
 

Contact author: Cesare Rossi 

via Claudio, 21 – 80125 Napoli ITALY 
E-mail: cesare.rossi@unina.it 

The system is planned to be part of a future automatic 
system for the Reverse Engineering of unknown 
objects.The system was designed around a test rig 
developed in our department by means of a commercial 
linear laser and a common web-cam; this system is moved 
by a revolute robotic arm. 

2  3-D RECONSTRUCTION: PRINCIPLE OF 
OPERATION 

There are many methods in order to reconstruct the object 
shape by means of videos or images [1]. In this paper is 
described a system, that consists of a linear laser emitter 
and a webcam, and uses triangulation principle applied to a 
scanning belt on object surface, [2]. Camera observes the 
intersection between laser and object: laser line points in 
image frame, are the intersections between image plane and 
optical rays that pass through the intersection points 
between laser and object. By means of a transformation 
matrix, it is possible to express the image frame 
coordinates, in pixel, in a local reference frame. In figure 1 
a) is shown a  scheme of scanning system: {W} is local 
reference frame, {I} is image frame with coordinates 
system {u,v}, and {L} is laser frame. {L2} is laser plane 
that contains laser knife and scanning belt on the surface of 
object, and it coincides with (x,y) plane of laser frame {L}, 
[3]. 
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                                    a)                                                                       b) 

Figure 1  Reference frames 
 

Starting from the coordinates in pixel (u,v), in image frame, 
it is possible to write the coordinates of the scanning belt 
on the object surface, in camera frame by means of 
equation (1). Camera frame is located in camera focal point 
figure 1 b). 
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With: 
(u0,v0):  image frame coordinates of focal point projection 
in image plane; 
(δx, δy): physical dimension of  sensor pixel along direction 
u and v; 
f: focal length. 
It is possible to write the expression of the optical beam of 
a generic point in the image frame, that can be identified by 
means of parameter t. 
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Laser frame {L} is rotated and translated respect to camera 
frame, the steps and their sequence are: 
1. Translation ∆xlc along axis xc; 
2. Translation ∆ylc along axis yc; 
3. Translation ∆zlc along axis zc; 
4. Rotation ϕlc around axis zc; 
5. Rotation θlc around axis yc; 
6. Rotation ψlc around axis xc ; 
Hence in equation (3) the transformation matrix between 
laser frame and camera frame is: 
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Laser plane {L2} coincides with (x,y) plane of laser frame 
{L}, so it contains three points:  
 
{ } { } { } T

l
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It is possible to obtain laser plane equation in camera 
frame, solving equation (6) in xc, yc and zc. 
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equation in camera frame, is: 

0M)pz(M)py(M)px( zzcyycxxc =−+−−−        (7) 
 

It is possible to evaluate coordinates xc, yc e zc, in camera 
frame, solving system (8) with unknown t:  
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The solution is: 
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                     (9) 

 
Equation (9) permits to compute in the camera frame, the 
points coordinates of the scanning belt on the object 
surfaces, starting to its image coordinates (u,v). In this way 
it is possible to carry out a 3-D objects reconstruction by 
means of a laser knife. 
 

3  DETECTION OF THE LASER PATH 

A very important step for 3-D reconstruction is image 
elaboration for the laser path on the target, [4, 5, 6] , the 
latter is shown in figure 2. 
 

 
Figure 2  Laser path image. 

 
Image elaboration procedure permits to user to choose 
some image points of laser line, in order to identify three 
principal colours (Red, Green, and Blue) of laser line, 
figure 3. 

 
Figure 3 

 

With mean values of scanning belt principal colours, it is 
possible to define a brightness coefficient of the laser line, 
according to relation (10): 

 

2
))(),(),(min())(),(),(max( BmeanGmeanRmeanBmeanGmeanRmeans +

=

                (10) 

By means of relation (11), an intensity analysis is carried 
out on RGB image. 

2
),,min(),,max(),( BGRBGRvuL +

=                                        (11) 

By equation (11), the matrix that contains the three layers 
of RGB image, is transformed in a matrix L, that represents 
image intensity. This matrix represents same initial image, 
but it gives information only about luminous intensity in 
each image pixel, and so it is a grayscale expression of 
initial RGB image, figure 4 a) and b). 
 

 
               a)       b)                    c) 

Figure 4  a) RGB initial image;  
b) grayscale initial image L; c) matrix Ib. 

 
With relation (12), it is possible to define a logical matrix 
Ib. Matrix Ib indicates pixels of matrix L with a brightness 
in a range of 15% brightness coefficient s. 
 



 ⋅≤≤⋅

=
otherwise

svuLsse
vuIb 0

15.1),(85.01
),(     (12) 

 
In figure 4 c), matrix Ib is shown. 
 

 
Figure 5  Ib representation. 

 

In matrix Ib, the scanning belt on the object surface (see fig. 
5) is represented by means of the pixel value one. The area 
of  the laser path in the image plane depends on the real 
dimension of laser beam and on external factors such as: 
reflection phenomena, inclination of  object surfaces. 
3-D reconstruction procedure is based on triangulation 
principle and it doesn’t consider the laser beam thickness, 
so it is necessary to associate a line to the image of 
scanning belt. 



ISSN 1590-8844 
International Journal of Mechanics and Control, Vol. 10, No. 02, 2009 

 

 6

Since  the laser path in the image plane is rather horizontal, 
a  geometrical mean is computed on, on the columns of the 
matrix Ib , that is to say: in the opposite direction to wider 
extension of the laser path in the image. This is shown in 
equation (13). 
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 Then a matrix hp is also defined as follows:  
 
 



 ∈

=
otherwise

vuse
vuhb 0

},{1
),(

Ω                                  (14) 

 
Matrix hb is hence a logical matrix with same dimension of 
Ib in which that represents laser image like a line, figure 6. 
This line is centre line of scanning belt on object surface in 
image. 
 

 

Figure 6  hb representation. 

The set of transformations (11), (12) and (13) represents 
the image elaboration, that is necessary to identify a laser 
line in image. The points of this line are used in 3-D 
reconstruction procedure.  

4  CALIBRATION PROCEDURE 

It is necessary to identify all model parameters in order to 
obtain a good 3-D reconstruction. Calibration is a basic 
procedure for the data analysis, [3, 5, 7]. For this reason, it 
was developed a calibration procedure for a classic laser 
scanner module. 
The laser scanner module is composed by a web-cam with 
resolution 640x480 pixel and a linear laser. The calibration 
test rig is realized with a guide on which is fixed the laser 
scanner module and a digital micrometer with a target, 
figure 7 a). 
 

 
                    a)                                       b) 
Figure 7  a) laser scanner module calibration test rig;  

b) fixed frame Ofxfyfzf  . 
 
A fixed frame Ofxfyfzf  has origin in a vertex of the 
rectangular target with dimension a=68 mm and b=74.5 

mm, like it is shown in figure 7 b). Target movements are 
indicated with  ∆zbf. 
In figure 8 some steps of calibration procedure are shown. 

 

Figure 8  Calibration procedure steps. 
 
Calibration procedure is based on a set of images, taken 
with the target placed in different positions respect to the 
laser scanner module. A least square optimization allows to 
identify all parameters. In figure 9 are shown 10 images 
used for calibration, of scanning belt, with 10 different ∆zbf. 
 

 
Figure 9  Images used for calibration. 

 
The aim of calibration procedure is to obtain the parameters 
that define the relation between laser frame LxLyLzL and 
camera frame Ocxcyczc, figure 1. 
In every calibration step, it is possible to define 
transformation matrix between fixed frame Ofxfyfzf and 
target frame: 
 
[ ] ]1000;100;0010;0001[ i

fbib
f zT ∆−=       (13) 

 
The transformation matrix between fixed frame Ofxfyfzf  
and camera frame Ocxcyczc can be optained analogous to 
matrix [cTl], and it is a function of six parameters:  
 
[ ] )(),,,,,( cfcfcfcfcfcfcfc

f fzyxfT πϕθψ∆∆∆ ==                       (14) 
 
with πcf set of parameter of transformation [fTc]. 
Equation (3) can be written as: 
 
[ ] )(),,,,,( lclclclclclclcl

c fzyxgT πϕθψ∆∆∆ ==                      (15) 
 
with πlc set of parameter of transformation [cTl]. 
For each step of  the calibration procedure it is possible to 
evaluate the coordinates of  the points of the laser line in 
the camera frame, according to equations (5) and (13):   
 

T
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By means of equation (14), it is possible to write:  
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The optimization problem can be defined as: 
2)(min

13
ρ

ρ
F

R∈
                                                                        (18) 

 
F(ρ) is a vectorial function defined as: 
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With a least  square optimization, the unknown parameters 
of  set [πcf, πlc, f] are identified. 
An interactive GUI was developed to allow the user to 
acquire images, to execute optimization and to verify the 
results. 
In figure 10, a graphical result of calibration is shown: it is 
possible to observe the camera frame position, the laser 
beam (represented  by the quadrilateral on the left), and the 
3-D reconstructions of scanning beam on target surface, for 
each image used in the calibration procedure. 

 

 
Figure 10  Calibration results. 

5  SYSTEM ACURACY 

5.1  CAMERA ERROR 
An obvious source of camera calibration error arises from 
the spatial quantization of the image. However, many times 
the image event of interest spans many pixels. It is then 
possible to calculate the centroid of this event to sub-pixel 
accuracy, thereby reducing the spatial quantization error. 
Limiting the sub-pixel accuracy is the fact that in general 
the perspective projection of an object’s centroid does not 
equal the centroid of the object’s perspective projection. 
However, often times the error incurred from assuming the 
centroid of the projection is the projection of the centroid is 
quite small [14]. 
Camera accuracy is a function of its distance from observed 
object. 
 

If an unitary variation of pixels in the directions u and v is 
considered, from the equation (2) is gotten: 
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Calculating the difference respectively between xc and yc 
after and before the variation is gotten the accuracy of the 
system, that is the variation of xc and yc that it can be gotten 
for a minimum variation in terms of pixels in the image 
frame: 
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The image accuracies in directions xc and yc are:  

f
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f
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c ⋅= δ                                                              (20) 

5.2  SCANNER MODULE ERROR 
It is possible to define an accuracy expression for 3D-
reconstruction that can be obtained by means of laser 
scanner module, according to equations (8) and (9). 
A variation (α, β) of image coordinates (u,v), generates a 
variation of parameter t of equation (9): 
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(21) 
where: 
- α pixel variation in u direction; 
- β pixel variation in v direction; 
The variation of parameter t, allows to define an expression 
of accuracy of 3D reconstruction. In fact, by means of 
equation (8), it is possible to obtain the variation of  
coordinates in camera frame in function of variation of 
image coordinates: 
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(22) 
An unitary variation of image coordinates (α=1 and  β=0, 
or α=0 and  β=1, or α=1 and  β=1), allows to define three 
accuracy parameters of scanner laser 3D reconstruction: 
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Figure 10  Error of the accuracy. 

 
As it has shown in the figure 10, the worst accuracy of the 
laser scanner for a pixel variation is in the direction zc.  
Besides it can be seen that az has minimum value for values 
of v = dv and  it grows up to v = 1 with a non-linear law. 

5.3 LASER PRECISION 
Most of the outlier and other erroneous points are caused 
by reflections. In these cases, the high energy laser beam is 
reflected from mirroring surfaces such as metal or glass. 
Therefore, too much light hits the sensor of the camera and 
so-called blooming effects occur. In other cases, a direct 
reflection may miss the camera. In addition, a part of the 
object may lie in the path from the projected laser line to 
the camera causing a shadowing effect. All these effects are 
responsible for gaps and holes. At sharp edges of some 
objects, partial reflections appear. In addition, craggy 
surfaces cause multiple reflections and, therefore, indefinite 
point correlations. 
Furthermore, aliasing effects in the 2D image processing  
of laser beam, lead to high frequent noise in the generated 
3D data [15]. 
The laser beam thickness in the image, can vary because of 
the above described effects, but 3-D reconstruction 
procedure is based on triangulation principle and it doesn’t 
consider this phenomenon. In fact, the detection of laser 

path allows to identify a line in image with a thickness of a 
pixel.   
The real laser beam thickness and its path thickness in the 
image, must be  considered to evaluate the precision of 3D 
reconstruction. 
The accuracy z

ca  becomes worse, if a thickness parameter 
is considered. This parameter is a generalized measure of 
laser beam thickness in pixel, and it can be expressed with   
two components: thu thickness measure along direction u in 
image frame and thv thickness measure along direction v in 
image frame. 
An expression of 3D reconstruction accuracy in direction z 
of camera frame, can be obtained by means of equation (3), 
in which parameters (α, β) are the generalized laser beam 
thickness (thu, thv): 
                                                                                                                   

)2/,2/(),( vu

cz

cy

cx

ththwith
za
ya
xa

=⇒⇒








=
=
=

βα
∆
∆
∆

                            (24) 

 
The equations (24) define the resolution of the laser 
scanner 3-D reconstruction, and they allows to evaluate the 
accuracy of each point coordinates that is obtained with 
laser beam image elaboration. 
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5.4  SCANNER RANGE 
Another characteristic of a 3D laser scanner is the 
minimum and the maximum distance between a generic 
point of a surface and the image plane. These parameters 
define the range of the scanning procedure. Decreasing the 
angle θ of inclination of the laser plain respect to the plain 
xczc of the camera frame at a respective fixed distance s the 
range of scanning increases (figure 11).  
 

 
Figure 11 

 
This is not a good solution since to decrease of this angle 
the accuracy az worsens notably as is shown in figure 12. 
 

 
Figure 12 

 
For the considered system with values s = 90 mm and θ = 
23˚ it have been gotten: max(zc) = 525 mm and min(zc) = 
124 mm; 

6  EXPERIMENTAL RESULTS 

To evaluate the accuracy of the laser scanner system, it was 
fixed on a robot arm, in this way it was possible to capture 
a lot of shape information of the object from different 
views.   

6.1  EXPERIMENTAL RIG 

6.1.1 Laser Scanner Module 
Our rig, is based on a laser profile, that essentially consists 
in a line laser and a camera. The laser beam defines a “laser 
plane” and the part of the laser plane that lies in the image 

view of the camera is denoted the “scanning window”, 
figure 13. 
 

 
Figure 13  Scanner module 

 
The laser scanner device was realized by assembling a 
commercial linear laser and a common web-cam.  

6.1.2 Robot 
In order to optimize the accuracy of the reconstruction 
resulting model, scanning should be adapted to the shape of 
the object. One way to do that is to use an industrial robot 
to move a laser profile scanner along curved paths. 
The scanner laser module was mounted on a revolute robot 
with three d.o.f., designed and assembled in our 
Department, figure 14.  
 

 
Figure 14  Revolute robot 

 
The robot serves as a measuring device to determine the 
scanning window position and orientation in 3D for each 
camera picture, with a great precision. All scan profiles 
captured during a scan sequence must be mapped to a 
common 3D coordinate system, and to do this, positional 
information from the robot were used [11]. Figure 15 
shows the equipment at work.  
The authors have developed a solution where the robot 
controller and scanner software work separately during a 
scan sequence that will be described in the following 
paragraphs. 
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Figure 15  The robot scanning system. 

 

6.2  MODEL OF THE LASER SCANNER ON THE 
ROBOT 
When the laser scanner module is installed on the robot, 
figure 15, it is possible to use positional information from 
robot to determine the scanning window position and 
orientation in 3D.  
Defining [DH] as the transformation matrix between 
coordinates in the robot base frame 0 (the fixed one) and 
those in frame 3 (the one of the last link), figure 16, for the 
coordinates of a generic point P exists this relationship: 
 
{ } { }30 ][ PDHP ⋅=                                              (20) 

 

The matrix [DH] depends on 9 constant kinematic structure 
parameters, that are known, and 3 variable joints position 
parameters that are measurable by means of robot control 
system. 
 

 
Figure 16  Revolute robot scheme. 

Knowing the transformation matrix [cT3] between the 
camera frame and the frame of the robot last link, it is 
possible to obtain a transformation matrix between the 
camera frame and the frame 0, figure 17.  

{ } { }0
1][][ 3 PDHTP c

c ⋅⋅= −                                              (21) 
 
By means of the equations (8), (9) and (21), the relationship 
between image coordinates (u,v) of the laser path and its 
coordinates in the robot base frame 0, is defined. By means 
of these equations, it is possible to reconstruct the 3D 
points in the robot base frame, of the intersection between 
the laser line and the object. 

 
Figure 17  Camera reference system. 

 
Robot positioning errors do not influence the 3D 
reconstruction, because each image is acquired and 
elaborated in a real robot position, that is known by means 
of robot encoders [12]. 
 

6.3  DATA CAPTURE AND REGISTRATION 
The scanner video camera captures profiles from the 
surface of the object as 2D coordinates in the laser plane. 
During a scan sequence the laser scanner module is moved 
in order to capture object images from different sides and 
with different angles-shot according to the shape of the 
object.   
In Matlab, an interactive GUI was developed in order to 
allows users to acquire and to elaborate data, figure 18. For 
each camera picture, along the scan path, the scanner 
derives a scan profile built up of point coordinates, in real-
time.  
 

 
Figure 18  Developed software. 

 
The first step present in the GUI is the load of  the 
calibration  parameters that are composed by the laser 
scanner parameters and the matrix [cT3]. The second step is 
to filter the pixels of the laser path from the image, to do 
this, there are some regulations: the identification of the 
intensity of selected pixels, the calculus of the threshold 
and other regulations of the camera settings. The third step 
is to write the 3 joint position parameters of the robot in the 
window “position” , after this, clicking on the button 
“Image” the software save all the information,  necessary 
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for the reconstruction, in the workspace of the Matlab. 
Clicking on the button “3D generation” the software 
calculates the 3D positions of the laser path in the robot 
base frame, and the result is shown on the GUI window.   
When the scanning procedure is completed, the user can 
save images and relative robot position information in a 
file, save the cloud of points represent the surface of the 
test object and export the surface information in a file 
format that permits to load the data from the CAD software 
“CATIA”. 
Besides it’s possible to load image information from a 
preview scanning procedure, this is useful for reconstruct 
the same laser path information using different calibration 
parameters.  
 

6.4  SURFACES RECONSTRUCTION 
The system has been tested before in a fixed robot position, 
to verify calibration and reconstruction procedures, then the 
shape of some components, was defined using robot to 
move laser scanner module. The test objects  are shown in 
the figure 19. In the figure 20 and 21 it is possible to see a 
step of the procedure with the final results for the two test 
specimens.  
With the use of the software CATIA it was possible to 
build the surface of the two test objects, in this way it was 
obtained the CAD model, this step of the 3D reconstruction 
method is a real reverse engineering application. 

 
Figure 19  Test objects. 

 
The routine “Digitized shape editor” of the “CATIA” 
addresses digitalized data import, clean up, tessellation, 
cross sections, character line, shape and quality checking. 
In the figure 22 and 23 are shown the comparisons between 
the clouds of points and the  respective surfaces for each 
object. In the figures 24 and 25, an evaluation of 3D-
reconstruction accuracy is shown for the two analyzed test 
specimen. It is possible to observe, that these first results 
have the worst accuracy along direction z of camera frame, 
according to observations of paragraph 5.3.  
 
 
 

 
Figure 20  Elaboration procedure of the first test specimen. 

 

 
Figure 21  Elaboration procedure of the second test specimen. 
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Figure 22  First test specimen results. 

 
Figure 23  Second test specimen results. 

 
 

 
Figure 24  First test specimen results. 

 
 

 
Figure 25  First test specimen results. 

 
  



ISSN 1590-8844 
International Journal of Mechanics and Control, Vol. 10, No. 02, 2009 

 

 13

7  CONCLUSION 

The proposed procedure is absolutely non-invasive since 
it does not involve any modification of the scene; in fact 
no markers with features visible by both the camera and 
the laser, or any other device, are required. The first 
results of a new method for real time shape acquisition 
with a laser scanner are presented. Although the test rig 
has been conceived just to validate the method (hence no 
high resolution cameras were adopted), the tests have 
showed encouraging results. 
The first tests have shown encouraging results. These 
latter can be summarized as follows. 
1. It is possible to calibrate the intrinsic parameters of 

the video system, the position of the image plane 
and the laser plane in a given frame, all in the same 
time.  

2. The surface shapes can be recognized and recorded 
with an appreciable accuracy.  

3. The proposed method can be used for robotic 
applications such as robotic kinematic calibration 
and 3D surfaces recognition and recording. For this 
last purpose the test rig was fitted on a robot arm 
that permitted to the scanner device to ‘observe’ the 
3D object from different and known position. 

A detailed analysis of the sources of errors and the 
verification of the accuracy has been carried on. As far 
as the latter aspect is concerned, the authors believe that 
a better system for tracking the position of the robot arm 
could enhance accuracy. 
Finally, the authors would like to point out that the 
solution proposed is relatively low cost, scalable and 
flexible. It is also suitable for applications other than RE, 
like robot control or inspection. 
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TRIANGULATION OF MOBILE ROBOT POSITION WITH DETECTED 
INHERENT ENVIRONMENT LANDMARKS 
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ABSTRACT 
 

The aim of this paper is to design methods for relation assignation between direct 
movement and rotation among two positions of robot (relative position in environment) 
following information about environment in these positions obtained by laser scanner. It is 
assumed, that environment map neither relation between attributes (landmarks) are not 
known antecedent. For calculation of relative movement (rotation) between two positions 
of robot is used method of triangulation. Supposed method was verified on real system. 
Calculated value of movement (rotation) can be used for odometry correction. 

Keywords: position of mobile robot, triangulation of mobile robot position, laser scanner, landmarks 

 
 

1  INTRODUCTION 

At mobile robot position identification with triangulation 
methods are assumed two situations. In first situation is 
assumed, that environment map, i.e. positions of the 
landmarks and relations between them are known. In this 
case is needed to solve equation for absolute position with 
3 point triangulation [1], i.e. estimate of position and 
orientation. In second situation is assumed, that 
environment map is not known and relative displacement of 
mobile robot -ε  between two positions of this mobile 
robot in environment considering environment landmarks 
will be defined. This information can be than used for 
correction of odometry [6].  

2  ASSIGNATION OF ABSOLUTE MOBILE ROBOT 
POSITION 

At mobile robot absolute position identification will 
determinate its position ),( yx RRp =  and orientation 

rθ  according to global coordinate system [ ])()( , ee yx . 
There is assumption, that position of environment 
landmarks in global coordinate system is known, therefore 
environment map is known. Coordinate system of  
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environment map (Figure 1) is global coordinate system 
and it is dedicated by axis )(ex and )(ey . This global 
coordinate system differs from local robotic system, which 
is by analogy dedicated by axis )(rx  and )(ry .  

 
Figure 1  Position of mobile robot assigned by vector 

),( yx RRp =  and rotation rθ  in respect of global 

coordinate system [ ])()( , ee yx . 
 
Environment mark L  can be defined in both coordinate 
systems. Vector )(el defines mark in global coordinate 

system and vector )(rl  defines mark in local coordinate 
system (Figure 2).     
Position of robot is defined in global coordinate system 
[ ])()( , ee yx  by vector ),( yx RRp = . Vector p  connects 



ISSN 1590-8844 
International Journal of Mechanics and Control, Vol. 10, No. 02, 2009 

 

 16

the beginnings of coordinate systems [ ])()( , ee yx  and 

[ ])()( , rr yx  [5].  Robot is oriented in direction of axis 
)(rx . 

 
Figure 2  Landmarks iL  a jL  in: 

a) global coordinate system with vectors )(e
il  and )(e

jl  

b) local coordinate system with vectors 
)(r

il  and 
)(r

jl  

Orientation of robot is expressed by angle rθ , which is 

angle between axis )(ex of global coordinate system and 

axis )(rx  of local coordinate system.  

 
Figure 3  Environment map expressed with global and local 
coordinate system. Both vectors, )(e

il  in global coordinate 

system and )(r
il  in local coordinate system, express 

position of mark iL . Position of robot is expressed by 

vector p  and angle rθ . 
 
Figure 3 describes relations between global and local 
coordinate system by means of a positional vector 

)()( ,... e
n

e
i ll  expressed in global coordinate system. Robot 

measures position (distance and angle) of each environment 
mark considering its orientation towards global coordinate 

system. iτ  stand for angle between environment landmarks 

)(r
il  for ni ,...,1= and axis )(rx , which designates robot 

orientation:  
),( )()( rr

ii xl∠=τ  (1)
Angle obtained by measure of one environment mark 
relatively to another environment mark is called view angle 
of two environment landmarks and is described:  

jiij ττϕ −=
 (2)

If angle rθ  is equal to zero, vector between two landmarks 

iL  and jL  can be expressed as (Figure 3): 
)()()()()()( e

j
e

i
e

LiLj
r

j
r

i
r

LiLj lldlld −==−=  (3)
 
If angle rθ  isn’t equal to zero, there must be applied 
conversion between global and local coordinate system. For 

1+n  environment landmarks can be formulated 
conclusion:  
If positions )()(

1 ,..., e
n

e ll  of environment landmarks are 
known in global coordinate system and measured angles 
between landmarks nττ ,...,1  are also known, position p  

and orientation rθ  of robot in environment can be 
estimated.  

3  ASSIGNATION OF ABSOLUTE MOBILE ROBOT 
POSITION BY TRIANGULATION 

3.1  TWO POINTS TRIANGULATION 
If view angle ijϕ , which represents angle between 

landmarks iL  a jL  and distance kiLdL  between both 

landmarks are known in unknown robot position, then 
relative position p of robot  can be assigned on 

circumference of circle, which connects landmarks iL  and 

jL  (Figure 4).  

 
Figure 4  Triangulation with two landmarks iL  and jL . 

Position of robot is on circle, which connect these both 
landmarks. Robot is orientated in direction of axis )(rx . 
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3.2  THREE POINTS TRIANGULATION 
Third mark kL  is needed for outright definition of 
position p . Position p  is then defined by intersection of 

circle circumscribed by landmarks iL  and jL  and circle 

circumscribed by landmarks  jL  and kL  (Figure 5).  

 
Figure 5  Triangulation with three landmarks. Position of 

robot is clear and specified by node of both circles. 
 
However position p  is not clearly defined in case, when 

landmarks iL , jL  and kL  are not situated at the same 

circle (Figure 6). One method of position p  calculation is 
to describe both circles analytically and then point of 
intersection can be dedicated. If angles and distances 
between the landmarks are dedicated, law of cosine can be 
used to calculate radius of each circle. Coordinates of circle 
centers can be calculated from coordinates of the 
landmarks iL , jL  and kL . Directly if position p  is 

known, orientation of the robot is known too.  
Other method of position p  calculation consists in 
calculation of distances between robot and environment 
landmarks. This approach is preferable to antecedent, if 
data about environment landmarks are loaded by some 

errors. Besides using n  landmarks, 







3
n

 combinations of 

three landmarks is obtained, which leads to system of 
predefined equations. These equations can be solved by 
method of smallest squares. Estimated position of robot in 
environment is then calculated as average of partial 
calculations of combinations between three used 
environment landmarks.  

 
Figure 6  Triangulation with three landmarks lying on one 

circle. Position of robot is not clear. 

With usage of cosine law, relation between two landmarks 

iL and jL  can be described as:  

 

ij
r

j
r

i
r

j
r

iji llllLdL ϕcos2 )()(2)(2)(2
−+=  (4)

 
Where ji LdL  is known distance between landmarks 

iL and jL , ijϕ  is view angle between landmarks iL and  

jL  considering robot position and )(r
il , )(r

jl  are 

distances of environment landmarks (Figure 7). Angle ijϕ  

is calculated from measured angles iτ  and jτ  (2)  (Figure 

3). With usage of cosine law on each possible couple of 
landmarks, system of predefined equations is obtained, 
which can be solved by method of smallest squares. For 
case on Figure 5 can be formed system of equations: 
 

ij
r

j
r

i
r

j
r

iji llllLdL ϕcos2 )()(2)(2)(2
−+=  

ik
r

k
r

i
r

k
r

iki llllLdL ϕcos2 )()(2)(2)(2 −+=  

jk
r

k
r

j
r

k
r

jkj llllLdL ϕcos2 )()(2)(2)(2
−+=  

(5)

 
Solution of this system of equations are distances of 
environment landmarks from robot positions, thus in this 
case distances of entities )(r

il , || )(r
jl , || )(r

kl . In order to 

determinate robot position is needed to solve system of 
equations: 
 

( ) ( )222)(
yixi

r
i RLyRLxl −+−=  

( ) ( )222)(
yjxj

r
j RLyRLxl −+−=

 

( ) ( )222)(
ykxk

r
k RLyRLxl −+−=  

(6)

 
With subtraction of second and third equation from the first 
one, two equations with two unknown variables xR  and  

yR  are obtained: 

 

( ) ( )ijyjiijxji
r
j

r
i yyRyyxxRLxLxll −+−+−+−=− 22 22222)(2)(

( ) ( )ikykiikxki
r

k
r

i yyRyyxxRLxLxll −+−+−+−=− 22 22222)(2)(  
(7)

 
With solution of these nonlinear equations robot 
position ),( yx RRp =  is obtained. 
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Figure 7  Relations between environment landmarks for 

position assignation using law of cosine. 
 
In system of equations (5) )(r

il , || )(r
jl , || )(r

kl  are 

distances of the landmarks from robot position, which has 
been solved from system of equations (6), ),( yx RR  

present coordinates of robot position in Cartesian 
coordinate system and ),( ii LyLx , 

),( jj LyLx , ),( kk LyLx  are coordinates of landmarks 

iL , jL  and kL  in Cartesian coordinate system. With 

solving system of equations (6) is possible to acquire robot 
position in Cartesian coordinates, but only in that case, 
when Cartesian coordinates of the environment landmarks 
are also known. If position p  is defined, then orientation 
θ  can be calculated by simple calculation of vector 

pll e
i

r
i −= )()(  for some i  and then angle rθ  can be 

assigned by relation:  
 

i
er

ir xl τθ −∠= ),( )()(  (8)

4  ASSIGNATION OF RELATIVE DISPLACEMENT 

When calculating relative displacement of mobile robot, 
there is assumption, that environment map is unknown. In 
this case, relative displacement ε  is calculated between 
two positions of mobile robot in environment considering 
two environment landmarks. Robot position 

),( yx RRp =   will be designated relatively to coordinate 

system [ ])()( , ll yx , which is defined by two environment 
landmarks (Figure 8).  First mark represents beginning of 
coordinate system and a second mark defines x or y axis. 
Undefined axis is defined by rules of right-handed 
Cartesian coordinate system.  
 

 
Figure 8  Definition of coordinate system described by 

landmarks iL  and jL . 

 
Basic principle of this method is calculation of 
distance 1dP , 2dP  in two different robot positions 1P  

and 2P . Model situation can be seen on Figure 9. There is 
assumption, that distances between robot and landmarks 

11LdP , 21LdP , 12LdP , 22LdP  and angles between 

robot and landmarks  
2LLP 11

ϕ ,  
2LLP 12

ϕ  in both robot 

positions are known.  

 
Figure 9  Coordinate system described by landmarks 1L  

and 2L , relations between landmarks and robot in both 
positions. 

 
Law of sine states (Figure 10):  
For each triangle ABC with inner angles α, β, γ and with 
sides a, b, c holds: 
 

γβα sinsinsin
cba

==  (9)
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Figure 10  Law of sine. 

 
If distance AB and angle γ  are known, from the equation 
(9) can be size of angles a  and β  expressed as: 
 







=







=

AB
AC

AB
BC

γβ

γα

sin.arcsin

sin.arcsin
 (10)

 
If angles a  and β  are known, we can express length RC 
as: 









=

γ
βα

sin
sin.sin.ABRC  (11)

 
Lengths AR and BR can be then calculated by application 
of Pythagorean Theorem: 
 

22

22

RCBCBR

RCACAR

−=

−=
 (12)

 
From the Figure 11 there is analogy, thus for the position 

1P  holds:  

1A L= , 2 B L= , 1P C = , 1Pαα = , 1Pββ =      
thus: 
 

21d  AB LL= , 11LdP  AC = , 21LdP  BC =  

211 LLPϕγ =                                                                 
(13)

 
Moreover for the position P2 holds :  

1A L= , 2 B L= , 2P C = , 2Pαα = , 2Pββ =    
thus: 
 

21d  AB LL= , 12LdP  AC = , 22LdP  BC =  

212 LLPϕγ =
                                                                 

(14)

 
Figure 11  Law of sine application. 

 
From the equations (10), (11), (12) and from the analogies 
(13) and (14) can be expressed these equations. 
For angles 1Pα , 1Pβ  in position 1P  and for angles 

2Pα 2Pα  in position 2P  holds: 
 









=









=
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LLP11
1

21
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d
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arcsin

d
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(15)

 
Orthographic distances between environment landmarks 

1L  and 2L  in robot positions 1P  and 2P  can be calculated 
as: 
 











=

211 LLP

1121
11 sin

sin.sin.dRdP
ϕ

βα PPLL
 











=

212 LLP

2221
22 sin

sin.sin.dRdP
ϕ

βα PPLL
 

(16)

 
Lengths 11RL , 12 RL  in position 1P  and lengths 21RL , 

21RL  in position 2P  can be calculated by application of 
Pythagorean Theorem: 
 

2
11

2
2112

2
11

2
1111

RdPLdP

RdPLdP

−=

−=

RL

RL
 (17)
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2
22

2
2222

2
22

2
1221

RdPLdP

RdPLdP

−=

−=

RL

RL
 

 
 
Relative displacement ε  of robot between positions 1P  

and 2P  can be calculated (Figure 12):  
For x and y compound: 
 

2111

2211

LL
dP -dP

RR
RR

y

x

−=
=

ε
ε

 (18)

 
Thus relative displacement ε  can be calculated by 
application of Pythagorean Theorem: 
 

22
yx εεε +=  (19)

 

 
Figure 12  Assignation of relative movement ε  

5  SIMULATION TESTS 

These tests were used to verify triangulation methods. 
Inputs in these tests were directly defined, such as position 
of mobile robot or positions of landmarks. Thus the 
verification consisted of computation of robot position 
from these inputs using triangulation methods described in 
chapter 3 and 4. First simulated situation was estimation of 
mobile robot position with knowledge of environment 
landmarks, whereby minimally three were visible every 
time. Arrangement of environment landmarks can be seen 
on Figure 13. Usage of artificial environment landmarks 
was considered, because the aim was to test triangulation 
methods, not to design landmarks detection. So there is 
assumption, that landmarks are successfully detected and 
identified. Robot can move only in area bounded by spotty 
line. In this area are at least three environment landmarks 
visible every time. Localization can be realized, i.e. robot 
position ),( yx RRp =  and orientation rθ  can be 

dedicated. 

 
Figure 13  Arrangement of environment landmarks 

 
In this simulation example were real sensorial system 
tested. In this case it means, that robot detects landmarks in 
view angle of its laser scanner [4] (240º). Inputs in this test 
were position and orientation of robot and test resides in 
computation of its position and orientation considering 
environment landmarks and with usage of triangulation 
methods. Each detected mark has corresponding position in 
global coordinate system. Now, positions of landmarks in 
global coordinate system, distances and angles between 
landmarks and robot are known. At these assumptions we 
can solve estimation of absolute robot localization in 
environment. Let’s consider specific situation as seen on 
Figure 14. Inputs are )15.19,50.20(),( == yx RRp a 

°= 9.130rθ . 

 
Figure 14  Scheme for calculating the position  

and rotation of robot. 
 
By application of equations from the chapter 3 were 
obtained these results (Figure 15):  

)506.19,768.20(),( == yx RRp a °= 31.131rθ  

This algorithm of absolute mobile robot estimation 
calculates position correctly in cases, where are fulfilled all 
assumptions. When robot finds itself beyond spotty line, it 
can become, that at least three landmarks will not be seen, 
so robot can’t localize itself in environment.  
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Figure 15  Portrayal of robot position assigned by 
environment landmarks triangulation in Matlab. 

 
Second simulated situation assumes no-knowledge of 
environment, or more precisely relations between 
landmarks and their positions in environment map are not 
known. The only assumption is detection of two identical 
environment landmarks in both robot positions. 
Displacement of robot can be then calculated by equations 
listed in chapter 4. There is assumption, that robot forms 
triangle with base given by environment landmarks every 
time. Whereby orthographic plan of robot position on base 
L1L2 lie between landmarks 1L  and 2L  every time 
(Figure 16). 
 

P

L1L2

 
 

Figure 16  Assumed arrangements of landmarks and robot. 
 
These times were inputs the data, which will return laser 
scanner [3], angle and distance of detected landmarks. Test 
situation is on Figure 17. With simulation in Matlab [2] 
were obtained these results:  

3681.282=ε  
)6318.99,2029.529(),( 111 == yx RRp  

)2383.334,8666.371(),( 222 == yx RRp  
 

538.5

67
1.

1

41
2.

3

28
2.3

 
Figure 17  Scheme of simulated example for calculation of 

relative movement between two positions of robot. 

6  VERIFICATION ON REAL DEVICE 

Verification on real device consists of calculation of 
relative displacement/rotation of mobile robot between two 
positions of this robot. For the verification were used real 
data from laser scanner and considered these two situations:  

1. Movement forwards by 17 cm 
2. Movement forwards by 28 cm and consecutive 

rotation by 10° 
Our used scanner was a laser scanner from Hokuyo URG-
04LX, which has 0.36° angular resolution and 240° area 
scanning range. Final of measured data is 768x2 matrixes, 
where first column represents scanning step and second 
represents measured distance. Rows represent measured 
distances for specified scanning steps. Relation between 
scanning step and angle of scanning can be seen on Figure 
18. Step 384 represents angle 0º. Steps 44 and 726 
represent angle -120 º and 120º. Scanner measure distances 
from 20mm to 4094mm. Distances smaller than 20mm 
represent internal error code of scanner.  
 

 
Figure 18  Angle representations of data  

from real laser scanner. 
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Scheme of algorithms for assignation of relative 
displacement in position of mobile robot using detection of 
environment landmarks can be viewed on Figure 19.  

 
Figure 19  Algorithm scheme. 

 
If detection of environment landmarks is correctly 
performed, it is also needed to assign match between two 
subsequent environment maps. Matching between two 
maps uses relations between environment landmarks, which 
are independent from robot position and orientation. These 
relations between detected landmarks represent their 
common properties as distance and angle between them.  
First experiment was method, which compares mutual 
relations between landmarks. Principle of this method is 
generation of all the vector pairs from real extremes in 
environment map. Otherwise this method returns correct 
matching, but only in case of small amount of real 
extremes. When environment maps contain a lot of detected 
real extremes, a lot of combinations are generated. This 
leads to massive computing time. So the new matching 
method must be invented.  
New way of matching consists of array generation. This 
array stores couples of consecutive vectors, which consist 
of real extremes (Figure 20). By this way is principle of 

matching using mutual relations between landmarks 
conserved and computation time is small.  
Mentioned array generation uses comparative table. Aim of 
this comparative table is to gather already received 
information and generation all new information required 
for matching real extremes in environment maps. 
Comparative table is generated for each map. Comparative 
table (Figure 21) by itself consists of rows – couple of 
vectors, where each column represents attribute of latter 
comparison (eventually indexing). First three columns of 
table represent indexes of points, which creates vectors (1 – 
first point of real extreme from first vector, 2 – last point of 
real extreme from first vector and first point of real extreme 
from second vector, 3 – last point of real extreme from 
second vector), additional two columns represent length of 
vectors (4 – length of first vector, 5 – length of second 
vector). Last column represents angle between vectors.  
 

 
 

Figure 20  Principle of generating comparative table. 
 

 
 

Figure 21  Example of comparative table. 
 
If tables are generated for both consecutive maps, it is 
possible to find match. Records from first comparative 
table are combined with records from second comparative 
table. If there is a match in length of first vector, in length 
of second vector and in angle between these two vectors, it 
is concerned as three real extremes match (Figure 22).  
Result is written to final matching table (Figure 23). 
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Figure 22  Pair of vectors in map number 1 and number 2. 
 

 
Figure 23  Final matching table. 

 
At searching of matching pairs is possible to use property 
of probable matching points, i.e. points, which are situated 
directly before and after extreme. They can be used for 
edge detection of objects. Function searching of matching - 
GetMapPairs uses this property. Concretely this property is 
utilized in function GetOppositeRealExtremeInMap2 used 
in GetMapPairs. This searching consists of each vector 
combination with every remaining vector. Difference is 
that, now are not used every detected vectors, but just 
known pairs of matching (contained in array MapPairs). 
If all matches are designated (Figure 24), main task is to 
select the best one. The best match provides the best result. 
Conditions for best match are: First point must be situated 
at left side of robot, second point at right side (Figure 25). 

The best match is assigned by the best rate of distances and 
angles of these points.  
 

 
Figure 24  Matching of real extremes in couple of maps. 

 

 
 

Figure 25  Conditions for the best matching. 
 
If the best match is dedicated, i.e. indexes of matched 
landmarks, relative displacement can be calculated, 
eventually rotation of robot between two robot positions. 
For calculation is used function 
GetRobotMovementRelativeChange, whose input is array 
of the best match. Values of displacement/rotation are 
calculated by equations described in chapter 4. There is 
assumption, that robot cannot simultaneously rotate and 
displace in short intervals, therefore if it is calculated 
relative displacement lower than parameter 
robotInStopModeDistance (in our case empirically set on 
40mm) it is possible to calculate angle rotation. This angle 
is calculated as rotation of environment mark from map 1 to 
matched environment mark in map 2. Function returns as 
result value of relative displacement ε  between two robot 
positions, eventually if robot just turns, function returns 
angle rotation in degrees. 
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7  RESULTS FROM REAL DEVICE 

Movement forwards - 17cm 
 

 

 
Figure 26  Maps for movement forwards - 17 cm. 

 
Result (Figure 26): 

cm31.16=ε  and °= 0rθ  
 
Movement forwards - 28cm 
 

 

 
Figure 27  Maps for movement forwards - 28 cm. 

 
Result (Figure 27): 

cm3.28=ε  a °= 0rθ  

 
Robot rotation -  +10° 
 

 

 
Figure 28  Maps for rotation of +10°. 

 
Result (Figure 28): 

cm185.0=ε  a °= 98.10rθ  

8  CONCLUSION 

Suggested methods give possibilities to calculate relative 
position of mobile robot in environment on the ground of 
detected artificial landmarks or natural properties of 
objects. These methods allow imprinting with errors, that 
are generated at odometry and thereby they increase quality 
of information about robot position in environment.  
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ABSTRACT 
 

In this paper design and simulation of enhancements are presented for Cassino Hexapode 
Walking Machine. Simulation results are reported from kinematic and dynamic analyses of a 
suitable model for the current design and other proposed improvements. Some tests are shown 
to discuss main characteristics and problems for the proposed solutions. 
 
Keywords: Walking Machines, Hexapod Robots, Simulation, Design, Experimental Validations 

 
 
 
1  INTRODUCTION 
 
Walking machines have been attempted since the beginning 
of the technology of transportation machinery with the aim 
to overpass the limits of wheeled systems by looking at 
legged solutions in nature. But only since the last part of 
the 20-th century very efficient walking machines have 
been conceived, designed, and built with good 
performances that are suitable for practical applications 
carrying significant payload with relevant flexibility and 
versatility [1]. 
A key feature of many robots that are intended to perform 
useful work in any environment is that they must be able to 
navigate unassisted both indoor and outdoor. Therefore 
legged locomotion is of fundamental importance with both 
power and task autonomy as mobility is required. Only 
robots that can move freely in real-world environments 
without human assistance are suitable candidates for real-
world tasks. 
Bipeds, quadrupeds, hexapods, and octopods are all 
potentially capable of performing suitable movements. 
However, bipeds and quadrupeds need to operate with 
dynamic control, and six and eight legged robots are 
naturally stable, even while in motion. The additional two 
legs in octopods can be considered for a redundant 
solution, and they make the robot heavier and more  
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complex, by requiring more power and computational 
control. Walking robots with more than 3-DOFs per leg can 
be considered not convenient, since they require extra 
amounts of control and provide unnecessary additional 
joints. 
An interesting example of a hexapod robot is The walking 
forest machine in [2]. This machine adapts automatically to 
the forest floor. Moving on six articulated legs, the robot 
moves forward and backward, sideways and diagonally. It 
can also turn in place and step over obstacles. Depending 
on the irregularity of the terrain, the operator can adjust 
both the ground clearance of the machine and height of 
each step as pointed out in [2]. The machine’s control 
center is an intelligent computer system that controls all 
walking functions, including the direction of movement, the 
traveling speed, the step height and gait, and the ground 
clearance. To further optimize machine operation, 
Timberjack’s Total Machine Control system (TMC) 
regulates the functions of machine’s loader and engine. All 
control systems are designed for easy of use. The operator-
friendly controls are incorporated in a single joystick. 
Another example of a successful hexapod robot is the TUM 
Walking Machine. Dr. Friedrich Pfeiffer at Technische 
Universität München began work on the TUM Walking 
Machine in 1991 [3]. This robot is based on the structure of 
stick insect and uses a form of cruse-control for leg 
coordination. The TUM Walking Machine uses distributed 
leg control so that each leg may be self-regulating with 
influences from adjacent legs, as pointed out in [3]. In fact, 
“A leg is hindered from starting its return stroke while its 
posterior leg is performing a return stroke”, [3], and is 
applied to contra lateral adjacent legs. Additionally, a leg is 
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prevented from entering the swing phase while any 
adjacent neighboring leg is still in swing motion.  
Generally, multi legged systems can be slow and more 
difficult to design and operate as compared to machines 
that are equipped with crawlers or wheels. But, legged 
robots are more suitable for rough terrain, where obstacles 
of any size can appear. In fact, the use of wheels or 
crawlers limits the size of the obstacle that can be climbed, 
to half the diameter of the wheels. On the contrary, legged 
machines can overcome obstacles that are comparable with 
the size of the machine leg. Thus, the types of walking 
robots may range from crawler devices to hybrid walking 
machines with a set of wheels. The wheels are usually used 
to enhance the speed when walking on flat terrain. 
The advantage of the legged systems over the wheeled 
systems can be understood by looking at their kinematic 
capability and static performance. In addition, legged 
motion can easily avoid large obstacles and any kind of 
direction change can be performed more quickly in less 
space. They can also move sideways and can represent a 
better approach for moving in environments, where the 
surface has less adherence (on the moon for instance, where 
the lower gravity causes a friction reduction).  
In this paper, problems and solutions are investigated 
through numerical simulation in order to do the necessary 
design and operation enhancements of the Cassino 
Hexapod Walking Machine for a more efficient walking 
operation. 
 
2  CASSINO HEXAPOD WALKING MACHINE  
 
The Cassino Hexapod Walking Machine can fit a cuboid of 
60 cm x 60 cm x 50 cm without any payload or PLC 
installation. The picture of this robot is shown in Figure 1. 
For the body, a simple aluminum frame was adopted. Each 
leg of the robot has three motors, two for the joints and one 
for the wheel. This allows each leg to execute rotations in 
the Z plane.  
 

 
 

Figure 1  The Cassino Hexapod Walking Machine with 
powered wheels at the feet [4,5]. 

Referring to Fig. 2, the kinematic design of each leg is 
composed of 3 modules, whose links l1, l2 and l3 connect 
each other by 3 rotational joints R1, R2, R3. The wheel is 
modeled through joint R4. In particular, an anthropomorphic 
design can be recognized in the superior part of the leg with 
joints R1 and R2, since they may reproduce a femur frame. 
In this particular case R2 raises and lowers the leg and R1 
operates the movement of the wheel forward or backwards. 
The third joint, R3 in the lower part of the leg reproduces 
the knee motion. 
 

 

 
 

a) 

 
b) 
 

Figure 2  The leg design for Cassino Hexapode Walking 
Machine, [6]: a) a Kinematic scheme b) a mechanical 

design in which letters indicate single parts. 
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Table I - Components of the leg design in Figure 2b). 
 

A Support module 
B Standard module 
C Module for the wheel 
D Wheel 
E Hinge for the Wheel 
F Hinge for the support 
G Screw for motor 
H D.C Motor 
I Limit Switch 
L Washer 
M Hinge between the 

modules 
N Screw of blocking hinge 
O Support for the motor 
P Pulley for the motor 
Q Movable pulley 
R Timing belt 

 
Each leg consists of three modules with total height of 500 
mm. Each module contains a motor for driving the 
corresponding link. The actuation system includes belt and 
pulley for speed reduction and transfer of motion from the 
motor to the link. In addition, a touch sensor is installed on 
the motor for detecting the extreme ends of the leg motion. 
This mechanical design is shown in Fig. 2b and the single 
parts are listed  table 1 [6]. 
The kinematic mobility of the robot allows a good number 
of operations to be carried out. These operations include 
walking, rotation, translation, translation by the wheels, 
climbing and descending stairs. 
Each joint can move up to an angle of +/- 90°. Timing belts 
for the motion transmission give smooth motion of the 
links. Nevertheless, problems in the current Cassino 
Hexapod Walking Machine can be identified as due to its 
design,  such as low speed, high design complexity, low 
autonomy, large overall weight, and complicated movement 
control. 
Stable, efficient and fast robots are needed to navigate in 
uneven environments which can help humans in 
unconventional applications like inspection and restoration 
of archeological sites and interplanetary exploration. In 
fact, a very important and immediate use of the Cassino 
Hexapod Walking Machine robot has been identified for 
the inspection of inaccessible areas in the pavement of 
Basilica of Montecassino Abbey. In addition, referring to 
the Cassino Hexapod Walking Machine and its capabilities, 
further possible  applications can be identified in  deep sea 
or planet surveying; exploration on the Moon or on Mars; 
underground mining robot; automated agriculture or 
foresting robot; automated or tele-remote controlled 
construction robot; firefighting robots that can climb over 
rough terrain and large obstacles. 
 

The operation of the Cassino Hexapod Walking Machine is 
achieved by using a PLC which controls the leg motors. A 
Siemens PLC S7-200 is fixed onboard on the robot body 
platform. In order to accommodate all the inputs and 
outputs, an extension module has been provided for the 
PLC. The program for the operation has been written in 
STEP-7/Micro WIN 32. The program from a PC can be 
downloaded onto the flash memory of the PLC by using a 
RS 232/PPI Cable. A schematic layout of the overall 
system is shown in Figure 3 [5]. 
In addition, a control pad with latching switches can be also 
used to operate the Cassino Hexapod Walking Machine 
with the designed solution in Figure 4. An external DC 
Power Supply is used to provide power to the robot. 
On the Cassino Hexapod Walking Machine, there are six 
legs and each leg has 3 motors. Thus, a total of 18 motors 
are installed for walking operation of the robot. A input to 
each motor is needed for switching On/Off the motor and 
one input can be used for changing the direction of rotation 
of a motor. An external relay circuit has been used for 
changing the direction of rotation of a motor. This enables 
the use of only one PLC with one extension module for 
operating the robot.  
 For programming purposes, the motors have been 
identified as x.y, where x refers to the leg number and y 
refers to the motor number in the leg. The motors in any of 
legs are numbered from top to bottom. It must be noted that 
the motors of the right half and the left half of the robot are 
connected in the opposite polarity. This ensures that the 
control of both sides of the robot is identical. Thus, for the 
forward motion of the robot, if the motor in the right side 
rotates in the clockwise direction, the motor in the left side 
must rotate in the anticlockwise direction. 
In preliminary tests, the wheel motors of legs 1,2,3 have 
been connected together and similarly the wheel motors 
legs of 4,5,6 r. This can be used for making easy forward 
and backward motions. Also, the turning of the robot can 
be achieved by moving the motors of one side keeping the 
motors on the other side stopped. 
 

 
Figure 3  A schematic diagram of the hardware layout for 

Cassino Hexapod Walking Machine operation [5]. 
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Figure 4  The control pad for controlling  
Cassino Hexapod Walking Machine. 

 
 
3  DEVELOPMENTS FOR AN ENHANCED DESIGN  
 
The following modifications have been proposed and 
analyzed: 

• Increase of turning and rotating capacity; 
• Reduction of stress in the joints; 
• Improvement in the run-out of the system; 
• Review the CAD design of the robot by looking at 

each component and then the whole assembly by 
using the real parameters of the built prototype; 

• Component design for cheap solutions; 
• Reduction of the time for the movements; 

The proposal for changes starts with the mechanical 
transmissions in the robot. For turning the legs suitable 
actuations and mechanical transmissions system are needed 
as composed of electric motor, driving belts and wheels for 
each actuated joint. By considering the modularity and the 
cost-oriented feature of the prototype the same electric 
motor has been adopted for the actuation of each joint in all 
the legs. The transmission system is composed of the gear 
wheel and the driving belt as shown in the design of the 
actuator Fig.5. 
 

 
Figure 5  Proposed actuation system and its support. 

 
All these new features combined in an inventive and 
efficient way, can provide a better turning capacity of the 
robot, and in the same time reduce the wear and tear on the 
whole assembly. Another very important aspect to which 
this change contributes is the reduction of stress in the leg 

joints so that the system can be used for a larger period of 
time, more efficiently and in harsher real time conditions. 
The new system with the proposed design and functional 
changes is shown in Fig. 6. 
In this new proposed version the two central legs have only 
two degrees of freedom, because there is no more use of the 
inner and outer rotational movements of these legs, once it 
is understood that these are redundant degrees of freedom 
for the actions that the robot executes. 
Another solution for the central legs could be the rigid 
connection to the body of the support module, so that the 
robot will still move in the same way. This will simplify the 
system and will make it cheaper. But for general aspects on 
symmetrical design for dynamical stability of the whole 
system, the same kind of support was implemented. 
Another solution that will decrease the total cost of the 
robot is the elimination of electric motors that actuate the 
wheels of the central legs. Even with this change, the robot 
will be still able to execute a proper rotation and translation 
but the speed by which the movements will be executed 
will be surely influenced. Because of this reason it is 
convenient to keep the electric motors, as in the original 
design. 

 
a) 
 

 
b) 
 

Figure 6  A new mechanical design of Cassino Hexapod 
Walking Machine with the proposed changes in leg 

actuation: a) a general layout; b) the mechanical design of 
actuator installation. 
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Thus, the anterior and posterior legs are connected to the 
robot body platform trough the same joints that are actuated 
by the same electric motors as for the all other legs. This 
makes possible to use the same mechanical transmission 
system as in the other actuated leg joints, in the design  that  
it is shown in the details in Fig. 6 b. 
Another important factor is the control of the implemented 
mechanical transmission system of the two motors for the 
rotational movement. A maximum degree of rotation can be 
determined in order to avoid  collision among legs and the 
body platform. Since it could be not convenient to install a 
sensor that could delimit the movement to a certain point, a 
suitable alternative solution could be the time control for 
the motors actions. For example it is easily possible to 
prescribe a maximum time for the motor rotation. 
By using the above-mentioned changes Cassino Hexapod 
Walking Machine can perform more successfully sets of 
actions, namely to translate, to rotate in a smother and 
faster way, to walk in an uneven terrain, and to go up or 
down along stairs.  
For a movement in uneven terrain a tripod-gate movement 
can be conveniently adopted, and the basic rule is to always 
keep three legs in contact with the ground. In generating a 
tripod-gate movement, a cycle can be programmed by 
planning two types of fundamental steps that can be 
repeated in succession. The two types of steps can be 
identified in the following: the front and the rear legs of 
one side and the middle leg of the other side perform their 
swing movements at the same time while the other three 
legs remain in contact with the ground; and the second 
phase is the same repeated but by alternating the set of the 
three legs in the above swinging and support phases. 
Referring to the schemes in Fig. 7, a motion sequence can 
be programmed for the tripod-gate walking through the 
fallowing eight phases.  
Phase 1: in the initial phase, figure 7 a), the robot has all 
the legs in vertical position; then the robot moves 
simultaneously three legs per phase, two of them from one 
side and another leg in the other side, in order to generate a 
forward walk. Phase 2: the step is performed by moving 
three legs forward ahead, figure 7 b), and afterwards in 
phase 3 they will be moved down to contact the ground, 
figure 7 c). Phase 4: while three legs are in contact with the 
ground,  and raise the other three  legs to make the robot to 
walk forward or half step, , figure 7 d).  
In this way, by repeating the phases from 1-4 for the other 
three legs, a complete step is carried out. The overall length 
of the step can be planned for a length of  310 mm. 
The robot can go forward or backwards by using the same 
sequence just by inverting the rotation direction of the 
motor. In addition, by operating the two motors on the 
robot body platform, turning can be achieved, while 
walking with the above mentioned tripod-gate sequence 
yet. In this way the effective time that is needed for 
effectuating a full rotation of the robot can be decreased.  
 
 

In addition there is the mechanical stress at the joints is 
limited because the movement is much smoother and 
continuous.  
 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 
g) 

 
h) 

 
Figure 7  A motion sequence for the tripod gate: a) phase 1; 
b) phase 2; c) phase 3; d) phase 4; e) phase 5; f) phase 6; g) 

phase 7; h) phase 8. 
 
 
4  SIMULATION RESULTS  
 
The proposed changes have been analyzed through 
simulation with suitable modeling in ADAMS environment 
with the CosmosMotion package,[10]. In Fig. 8, the model 
is shown in the CosmosMotion environment. 
In order to compute a proper simulation and a correct 
analysis of the assembly, the parameters which are 
implemented in CosmosMotion have been accurate as 
related to the built prototype. In the following example the 
robot performs a complex type of movement, namely a 
rotational movement for the first and second joint, and then 
a translational movement of the whole robot by using the 
wheel in joint 3. Fig. 9 presents one of the legs of the robot, 
and it’s joints as they are taken in consideration. The 
displacements in the first two joints are equal but in 
opposite directions, and the displacement in the third joint 
is larger and its direction depends on the direction to which 
the robot is moving.  
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a) 

 
b) 

 
Figure 8  CosmosMotion model: a) one leg; b) the Cassino 

Hexapod Walking Machine. 
 

 
 

Figure 9  Representation of the joints in the built prototype. 
 

In Fig. 10 the results of the simulation in Adams are 
presented for the three joints of one leg. 
In Fig. 11 it can be seen that by implementing a certain 
angular velocity in each of the first two joints, the obtained 
torque is of similar amplitude but reversed sense.  Also the 
outcome of this simulation shows that the torque in each 
case depends of the velocity: it increases if the velocity is 
increased and once the velocity has reached its highest pick 
the torque also reaches its maximum value and then 
remains constant up to the end of the movement. 
 

 

 
Figure 10  Angular displacement of the wheel  

and the other two joints. 
 

 
Figure 11  Results of dynamical simulation of the model 

with velocity control. 
 

In Fig.12 the mechanical power consumption is reported as 
related to one leg. It can be seen that the energy 
consumption increases as the distance from the ground 
becomes shorter: the smallest consumption is on the first 
joint, and the larges is in the wheel. This is because the first 
joint has to move only the upper part of the robot, while the 
second one supports also the first joint and its components. 

 

 
Figure 12  Results for mechanical power consumption in 

the leg motion. 
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5  LABORATORY TESTS  
 
The feasibility of the tripod-gate walking has been tested in 
a test that is shown in Fig.13. In Fig. 13 a) all legs are in 
vertical configuration. Later on in Fig. 13 b) legs 1-3-5 
move towards right until the position limit. In Fig.13 c) legs 
2-4-6 move towards left in order to achieve position limit. 
In Fig.13 d) legs 1-3-5 is brought back in configuration 
begin them. At last legs 2-4-6 are brought back in the initial 
configuration. From the images it can be seen that the 
positions limit for the legs are not exactly the same ones.  

 

a) b) 

c) d) 
 

Figure 13  A laboratory test for the tripod-gate walking of 
Cassino Hexapod Walking Machine: a) starting 

configuration (phase 1 in Fig. 9); b) three legs up(phase 2 
in Fig. 9); c) all legs up(phase 3 in Fig. 9); d) legs up and 

legs down (phase 7 in Fig. 9). 
 
This is due to the switch limits, since in each joint the 
output of the sensors is activated in different positions. 
In addition, tests have been carried out with sensors to 
monitor and measure the movement characteristics. In 
particular, the acceleration of reference points of the legs 
and torque of the motors have been measured during 
walking movements. A first test concerned the bending 
motion of one single leg in two phases of a movement. In 
the initial phase (figure 13 a) the leg is in vertical position 
and in the final phase (figure 13 b) the leg is in the final 
position. The measures of the acceleration have been 
obtained by using a Kistler accelerometer model k-beam 
8303A 10 that has been installed on one leg in several 
places [10]. In Fig. 14 the modalities of installation of the 
accelerometer are shown. 
In Fig. 15 the values of the measures are shown as referred 
to the tests with acceleration installations in Fig. 14. It can 
be observed that the value of the acceleration in the third 
plot is different from the second plot; therefore it means 
that there might be a problem in the actuation system of 
that joint.  

 

 
a) 

 

 
b) 

 
Figure 14  Kistler accelerometer k-beam 8303A on a leg of 
the Cassino Hexapod Walking Machine: a) accelerometer 

on the left side of a leg;   b) accelerometer installed 
horizontally in a leg. 

 
In order to improve the operation of the robot it has been 
thought useful to provide manual regulation of the speed of 
the actuators. The regulation of the speed that is previewed 
for the robot is based on the variation of the tension of 
alimentation of the motors. With reference to a single 
motor, a potentiometer has been installed in series to the 
rotor windings [10].  
 
6  CONCLUSIONS 
 
This paper presents The Cassino Hexapod Walking 
Machine Robot with proposals for enhancing its design and 
operation. The main contribution of this paper is in the new 
proposed design, in which the mechanical structure has also 
been modified. This modification allows the robot to 
improve the turning and movement capability. In order to 
define the above modification, modeling and simulation 
have been worked out. In particular the paper has reported: 

- simulation results for straight-line walking, rotating, 
obstacle avoidance and combined movement with the 
new robot design; 
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- laboratory tests for operation of one leg, and the whole 
Cassino Hexapod Walking Machine, with 
measurements of the accelerations  (after suitable 
calibration), the torque, and potentiometer outputs;  

- new design solutions for the robot with the aim to 
improve the turning and movement capability. 
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c) 
Figure 15  Measured accelerations : a) component along the 

Z axis; b) component along the Y axis with the; c) 
component along the Y axis with the sensor installed on the 

left side. 
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ABSTRACT 

 
An automatic production system for reinforced-fibre products with no-axial symmetric geometry 
was very difficult to obtain by filament winding technology, until the recent development of new 
calculation codes. Especially difficult was to design a deposition trajectory that respected the 
complete mandrel covering and uniform fibre distribution conditions in the final composite. This 
work shows the dynamical analysis and the energetic balance of a completely automated 
production system for no-axial symmetric product by filament winding technology. This system 
was applied to 90° curved pipefitting. 

 
Keywords: filament winding, dynamic analysis, energy balance. 

 

1  INTRODUCTION 

Filament winding technology is an automated production 
process of fibre-reinforced composite materials. It consists 
in winding resin-impregnated fibres sheaf round a mandrel 
that determines composite geometry. A deposition eye 
guides the fibres from the bobbin to the mandrel. Often 
many sheaves, at the same time drawn from different 
bobbins, are winded. These sheaves pass through combs, 
that take them separated, and through systems that remove 
the excess of resin. After the complete resin polymerisation, 
the composite is removed from mandrel. The greatest 
benefit of this technology is to obtain products with a very 
good mechanical property-weight ratio, for this reason 
filament winding is one of the more effective techniques in 
composite materials production [1, 2]. But a great limitation 
was its application, in industry, almost exclusively to 
generally axial-symmetric very simple shapes products, 
such as pipefitting, under-pressure tanks and for chemical 
substance. To realise more complicated shapes was used 
manual or semi-manual winding, which causes inaccuracy 
and lack of repetition, refuses, low production level and 
workers interaction with potentially wealth dangerous 
materials. In the nineties, the introduction of computerised 
6-axis independent winding machines allowed process 
automation. An efficient employment of these machines 
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needs to use software tools that permit a complete 
automatic products design, including part-program for 
commercially available control systems. So, many software 
tools for calculating the deposition trajectory of fibres sheaf 
in filament winding were developed. But the major part of 
them is unable to create complex geometry, creating only 
axial-symmetric forms [3]. The most important technical 
problem to complete production process automation was 
the lack of software tools able to calculate deposition 
trajectory for complex geometry. Recently, however, 
calculation codes have been developed (CADWIND, 
CADFIL) suitable for the design of complex deposition 
trajectories. 
In this work the dynamic and energetic analysis of a 
completely automated winding system of elbows, through 4 
axis computerised winding machines (fig. 1) is presented. 
At first, it will be dealt with deposition trajectory 
calculation, and then a dynamic and energetic analysis of 
winding process will be carried out. 

 
Figure 1  Computerised 4 axis machine. 
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2  FIBRE PATH CALCULATION 

Deposition trajectory calculation is founded on two 
principles: uniform mandrel covering and best composite 
resistance. To obtain both the conditions, all filament 
winding technical qualifications must be respected, such as 
lack of fibre slipping and bridging and complete mandrel 
covering, so that fibres were laid accurately [4]. It is clear 
that the deposition trajectory calculation is very important 
in a filament winding production system design. 
There are two methods to calculate deposition trajectory: 
the first one is the analytical solution of differential 
equations of trajectory, while the second one subdivides the 
dominion of such equations, i.e. the surface to be covered, 
in more simple parts, as, for example, triangles [5]. The 
first method is usually employed for axial-symmetric 
geometry workpieces, because an analytical solution to 
differential equations can be obtained. For no axial 
symmetric mandrels, numerical methods are preferred, 
because the differential equations’ system doesn’t have an 
easy solution. The numerical method is suitable for general 
surfaces, but it provides an approximate solution and the 
mistake that is committed respect the analytical one is 
difficult to evaluate. In fact, even if it is possible to divide 
the surface to be covered in as many parts as we wont, the 
solution is however approximate. 
Among the actually available software tools, only CADFIL 
[6] and CADWIND [7] are able to calculate deposition 
trajectories for asymmetric surfaces, and both of them use a 
numerical method. 
Deposition trajectory calculation is obviously strictly 
dependent from product geometry, so, first of all, to study 
the problem is necessary to choose the more suitable 
calculation algorithm. 
In this work the application of the numerical method in the 
production of 90° elbows is shown. It is even shown that, if 
we want to develop a completely automated winding 
system, it is necessary to modify manual winding mandrel’s 
geometry in order to optimise the deposition process. The 
experimental part has been carried out into a filament 
winding specialized factory. 
Two mandrel kinds are considered in this work. The first 
one (A type) is formed by a circular torus (fig. 2) and is the 
one that is employed in the manual winding. In this case the 
operator has to stop the mandrel’s rotation before changing 
the fibre’s deposition direction and, for big-size handworks, 
we must spend a great amount of energy in order to win 
inertia’s forces. This amount can be very large and because 
of it, in some cases, the production of these elements is 
technically impossible. The second type (B type) is formed 
by a central circular torus and two cylindrical extension 
parts (fig. 3) and is the one that is employed in the 
automated winding. While the inertia’s forces problems are 
solved by the use of this geometry, when the deposition eye 
has to invert the direction of the pay out speed is an 
inescapable fact to have a fibre’s build up at the ends of the 
mandrel. In order to avoid the handwork’s refuse, the 
mandrel’s geometry has been modified by the addiction of 
two cylindrical extensions where the fibres are built up. The 
extensions will be removed at the end of the resin 
polymerisation’s process. This solution has been adopted in 

a real process and this paper is going to demonstrate its 
energetic advantages. 
An alternative splines-based method to calculate deposition 
trajectory has been developed by Li H. et al. [8, 9] but, for 
such a geometry, the ideal algorithm is still the not geodesic 
one [7], used by CADWIND. 
 
CADWIND production process starts setting the winding 
machine parameters: 
• Start point; 
• winding machine working-space geometric 

dimensions; 
• winding machine maximum velocities and 

accelerations; 
• axis; 
and then proceeds with mandrel design, by setting 
specifically geometric parameters (fig.4): 
 

 
Figure 4  Mandrel’s geometric parameters. 

 
• d    section diameter [m]; 
• R    internal radius [m]; 
• γ    opening angle [rad]; 
• D     transposition central axis-rotation axis [m]; 
• L1,L2 mandrel extensions [m]. 
 
During winding process, typical material parameters for 
this kind of working have been used: 
 
• roving number = 10; 
• fibre mass content  = 50%; 
• fibre’s density = 2.54 103 kg/m3; 
• roving thickness = 4·10-3 m; 
• fibre’s linear density = 2.40 ·10-3 kg/m; 
• resin’s density = 1.20·103 kg/m3. 
 
Non geodesic algorithm is a numerical method for 
calculating trajectories that divides the mandrel in 
triangular surfaces (fig. 5). 
Parameters setting, necessary for not geodesic algorithm, 
follow: 
 
• winding angle; 
• pattern number; 
• friction factor (tab. 1); 
• degree of covering: [%]; 
• turning zone; 
• starting frame; 
• dwell [rad]; 
• starting position. 
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Figure 5  Mandrel’s surface subdivision. 
 

Table I - Friction factor. 

 
The trajectory is composed of a series of points into the 
depositor’s workspace that, starting from the origin point, 
are touched in succession. A matrix (fig. 6), where lines 
succession represented the same trajectory points and 
columns are depositor’s degrees of freedom, represents this 
trajectory. In this case, the eight matrix columns represent: 
the first one a sequence’s advancing index, the second 
mandrel’s rotation, the third Z axis, the fourth X axis, the 
fifth deposition eye rotation angle, the sixth and the seventh 
are degrees of freedom not used in the process, while the 
eighth is the time. 
 

 
 

Figure 6  Trajectory matrix. 
 
Matrix single column can be plotted into CadWind, to 
verify eventual discontinuity points’ presence (calculation 
defects, fig. 7-8). When discontinuity points are smoothed, 
part program trajectory matrix of calculation can be 
generated in ISO Standard language for winding robot. 

 

 
 

Figure 7  X axis deposition trajectory representation  
with evident discontinuity point. 

 

 
 

Figure 8  X axis deposition trajectory representation  
after the correction. 

3  DYNAMICAL ANALYSIS 

3.1 INERTIA MOMENT CALCULATION  
      OF A-TYPE MANDREL. 
The mandrel is a homogeneous part (ρ = cost) formed by a 
circular torus part, defined in an x-y-z coordinates system 
(fig. 9) by parametric equations: 
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where volume V is produced by the integral: 
 

ϕϑddrdJdxdydzdVV
V∫ ∫∫∫ ∫∫∫=== det  (2)

 
 

 
 

Figure 9  Torus parameters. 
 

Surface Dry Fibre Preg. Fibre Pre-Preg.
Metal 0.18 0.15 0.35 
Plastic 0.20 0.17 0.32 

Dry Laminate 0.22 - - 
Preg. Laminate - 0.14 - 

Pre-Preg. Laminate - -  
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In this case the Jacobian determinant is: 
 

)cos(det ϕrRrJ +=  (3)
So, substituting the (3) in the (2): 
 

30225.0)cos( mddrdrRrV =+= ∫∫∫ ϕϑϕ  (4)

 
Consequently, m mandrel’s mass, considering that it is a 
steel one (ρ = 7830 kg/m3), is: 
 

kgVm 176== ρ  (5)
 
For homogeneous solids, y-axis inertia’s moment is defined 
as: 

ϕϑϕ
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Therefore we have: 
 

22.69 kgmI yy =  (7)
 
While, if we want to calculate inertia’s moment respect an 
axis passing through centre of gravity G, we must know its 
co-ordinates: 
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yG and zG co-ordinates are of no value, because the mass is 
symmetrically distributed respect y and z axis. So just xG 
calculation is needed: 
 

m
V

ddrdrR

V

xdV
x VA

G 567.0
cos)cos( 2
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+

== ∫∫∫∫ ϕϑϑϕ (9)

 
Now, using Steiner’s formula, it is possible to obtain 
inertia’s moment IG passing through a barycentric axis 
parallel to y-axis: 
 

22 21.6 kgmmxII Gyy
A

G =−=  (10)
 
From this calculation it is possible to extract mandrel’s 
geometric parameters to put in CadWind to calculate fibre 
deposition trajectory’s matrix: 
 
• d = 0.4 m; 
• R = 0.6 m; 

• γ = π/2 rad; 
• D = 0.033 m; 
• L1 = L2 0.001 m. 
 
Non-geodesic algorithm parameters used in this case are: 
 
• winding angle = 1.29 rad; 
• pattern number = 1/1; 
• friction factor = 0.175; 
• degree of covering = 140%; 
• turning zone back = 34; 
• turning zone front = 9; 
• starting frame = 21; 
• dwell = 2.44 rad; 
• starting position = 0 rad. 
 
3.2 DYNAMICAL ANALYSIS 
During fibres deposition process, the mandrel turns around 
a barycentric axis drawing an α angle, that is obtained from 
trajectory’s matrix produced by CADWIND. The 
instantaneous mandrel’s angular speed is easy to get if this 
angle’s trend in function of t time is known. Since this is 
expressed as α and t vectors, numerical derivatives are 
necessary to obtain angular speed (fig. 10), but they don’t 
give the exact solution. Precisely, finite difference method 
was used caused by t regular intervals’ lack: 
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In the same way angular acceleration (fig. 11) was 
calculated: 
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The torque given to mandrel’s axis is obtained from angular 
acceleration: 
 

α&&A
GIC =  (13)

 
The elementary work made from external forces is: 
 

αCddLe =  (14)
 
So, the total work provided from external forces during 
process is given from the integral: 
 

∫=
α

αCdLe  (15)

 
Having α and C values vectors at disposition, this integral 
was solved numerically using trapezium’s method: 
 

kJLe 10=  (16)
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Figure 10  Mandrel angular speed. 

 

 
 

Figure 11  Mandrel angular acceleration. 
 
3.3 ENERGY BALANCE 
For a mechanical system we have: 
 

egcie dEdEdEdLdL ++=+  (17)
 
Or, in finite terms: 
 

egcie EEELL ∆+∆+∆=+  (18)
 
Where 
 

• Li is the internal forces work (friction) 
• ∆Ec is kinetic energy variation 
• ∆Eg is potential gravitational energy variation 
• ∆Ee is potential elastic energy variation 

 
In this case potential energy variations are of not value and 
friction is negligible, so energy conservation equation is: 
 

ce EL ∆=  (19)
 

Kinetic energy in a rotational object is given by: 
 

2

2
1 α&Gc IE =  (20)

 
So the sum of internal and external forces works during the 
process will be equal to the summation of kinetic energy 
variations: 
 

∑ =∆=
i

i
ce kJEL 10  (21)

 
This result confirms the previous one and to validate both 
of them the real energy consumption during the manual 
process was measured and it was obtained a value of: 
 

kJALm
e 3.11)( =  (22)

 
The difference between this value and the one obtained by 
analytical calculation is due to the performance of the gears 
that transmit the rotational motion from the engine to the 
mandrel. 
 
3.4 ALTERNATIVE TECHNOLOGY ANALYSIS 
During fibres deposition process, the main part of A-type 
mandrel’s work is due to accelerations, which occur at 
every cycle’s end. These occur because it is necessary to 
stop and re-start the rotation to obtain a correct fibre 
deposition but it doesn’t happen if the mandrel rotates at a 
constant angular speed. In fact, it will take place in one of 
the two cylindrical parts at the circular torus sides, and 
there is no more need to stop and restart the rotation. 
 

 
 

Figure 12  Modified Mandrel in SolidWorks. 
 
 The modified mandrel (fig. 12) has been modelled with 
SOLIDWORKS, a CAD software that allows, once it is 
defined the mandrel’s geometry and its material, to 
calculate its barycentre and its barycentric inertia’s 
moments. So we have: 
 

mx B
G 536.0=  (23)

 
And: 
 

222.8 mkgI B
G ⋅=  (24)
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As in the case of the manual winding, from this calculation 
it is possible to extract mandrel’s geometric parameters to 
put in CADWIND to calculate fibre deposition trajectory’s 
matrix: 
 
• d = 0.4 m; 
• R = 0.6 m; 
• γ = π/2 rad; 
• D = 0.064 m; 
• L1 = L2 0.1 m. 
 
The only parameters that are changed are D and L, while 
the winding ones were the same used in the manual process. 
Starting from the deposition trajectory’s matrix the 
dynamical analysis has been carried out in the same way we 
did for the manual winding. From the analysis is clear how 
the greatest part of the energy consumption during the 
whole automated process is due to the initial work 
necessary to give the requested constant rotational speed to 
the mandrel. Operating in the two ways employed for the 
manual winding we obtained: 
 

JCdLe 126== ∫
α

α  (25)

 

∑ =∆=
i

i
ce JEL 126  (26)

 

 
 

Figure 13  4-axis computerised machine 
 

 
 

Figure 14  B-Type Mandrel in process. 

After these analytical calculations it was decided to take out 
a part program as output from CADWIND. The part 
program was executed by a 4-axis computerised machine 
(fig. 13, 14) and the real energy consumption was measured 
by means on the on-board instrumentation: 
 

JBLm
e 164)( =  (27)

 
The difference between this value and the one obtained by 
analytical calculation is due to the performance of the gears 
that transmit the rotational motion from the engine to the 
mandrel and the energy consumption along carriage and 
cross-carriage axis. However it is evident the energy 
advantage of this alternative technology in non axis-
symmetric parts’ production, in fact the energy 
consumption ratio between this technology and traditional 
one is: 
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11300
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That means that the manual process consumes 70 times the 
energy employed by the automated one. 

4  CONCLUSIONS 

Manual or semi-manual winding have great disadvantages 
if we compare them to automatic processes, such as 
inaccuracy and lack of repetition, refuses, low production 
level and workers interaction with potentially wealth 
dangerous materials. This work has also demonstrated an 
energetic advantage of automated winding by the use of B-
type mandrel. The lack of inertia’s torques during mandrel 
rotation has a great consequence in the whole process. In 
this way, in fact, it would possible to provide the deposition 
robots with low-powered engines and mechanical 
components that don’t have to resist to the stresses due to 
the torques needed to stop and restart the mandrel rotation. 
But there are not only benefits in the employment of this 
kind of technology. The presence of cylindrical extensions 
is a surplus of material (resin and fibre) and makes it 
necessary another operation to cut and remove them. To 
evaluate the real economic advantage of type-B mandrels 
should be required a complete costs analysis of an 
automatic filament winding cell for this kind of parts 
production that will involve all the process elements such as 
the design and the realisation of a specific deposition robot, 
fibre and resin consumption during the process, labour and 
energy consumption, but this is not the aim of the presented 
paper. 
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ABSTRACT 
 

To counteract the variations of servovalve offsets in redundant electrohydraulic 
servosystems different solutions have been taken, but limited use has been done of 
techniques based on the injection of compensation signals into the servovalves such to 
reduce the difference between the pressure differentials across the control lines of the two 
servoactuators. A research activity has thus been performed in which different equalization 
techniques have been examined and their relative merits have been assessed.  An optimal 
equalization control strategy has then been devised, capable of minimizing the force 
fighting between two redundant servoactuators and the appropriate authority limit to the 
equalization signals has been determined such to prevent unacceptable uncommanded 
movements in case of failure of a component of the equalization loop. 

Keywords: aerospace engineering, redundant servoactuators, equalisation techniques, flight control system, fly-by-wire 

 
 

1  ELECTROHYDRAULIC SERVOACTUATORS  
    AND FLY-BY-WIRE SYSTEMS 

As it is well known, fly-by-wire flight control systems use 
electrical signalling to relay the pilot commands from the 
cockpit controls to flight control computers (FCCs) that 
issue the commands to the flight control actuators and 
accept from them the electrical feedback signals.  In order 
to ensure the necessary redundancy, two actuators are 
normally used in primary flight controls to drive the same 
aerodynamic control surface, with each actuator interfacing 
with one or more FCCs. In some particular applications 
three actuators were connected to the same flight control 
surface, though this configuration has been used only when 
deemed absolutely necessary since it increases the system 
complexity. The present paper will thus deal with the 
typical case of two hydraulic actuators driving an 
aerodynamic control surface. 
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When two hydraulic actuators are connected to the same 
aerodynamic control surface, a very important design issue 
is to guarantee that no conflict originates between the two 
actuators such to impair the flight control system 
performance. 
This is particularly critical when the servoactuators hold the 
flight control surface at a certain fixed position under 
rapidly varying loads, such as those occurring when the 
flying aircraft is subjected to gusts or turbulence.  
Over the years different design solutions have been worked 
out for redundant electrohydraulic servoactuators and have 
been implemented into operational aircraft.  The main 
critical issues to be addressed have been: input signal 
mismatch, control valve offset, difference between supply 
pressures of the two hydraulic systems interfacing with the 
actuators, system robustness following failures and, of 
course, overall system complexity.  Though generalization 
is often a risky business, still it is possible to state that the 
different configurations of redundant electrohydraulic 
servoactuators for flight control systems can be grouped in 
the following four categories. 
Active/standby systems.  In these systems one of the two 
actuators connected to the same flight control surface is 
active while the second one is in standby.  In case the 
operating actuator fails, the other one is activated and 
ensures an unabated operation. 
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Single flow control valve.  In these systems the flows to 
the two hydraulic actuators are simultaneously controlled 
by two sections of a single control valve.  
Reduction to the sensitivity to the control valve offsets.  
In these systems appropriate actions are taken to reduce the 
offsets of the control valve and hence the associated 
mismatch between the actuator forces. 
Equalization between the two electrohydraulic 
servoactuators.  In these systems sensors are introduced to 
measure the differences between the two servoactuators 
parameters and appropriate control laws are defined to 
correct those differences. 
These four types of architectures will be discussed in the 
following and the results of a research activity aimed at 
defining an optimal and robust equalization technique will 
be presented. 

2  LOAD DISTRIBUTION BETWEEN PARALLEL 
    SERVOACTUATORS  

When two electrohydraulic servoactuators are connected to 
the same flight control surface, the forces developed by the 
two actuators are summed and the problem of ensuring an 
even load sharing between the two actuators arises.  The 
force developed by an actuator is a function of the 
pressures acting on the two sides of the actuator piston, and 
when the actuator is stationary, the pressure differential 
across the two control valve ports, and thus across the two 
actuator sides, changes very rapidly with the change of the 
input signal of the control valve.  The valves used to 
control the pressurized fluid flow to flight control actuators 
typically consist of closed-center spool valves with very 
high pressure gains around null so that a large pressure 
differential, and therefore a large actuator force, is created 
as a result of small spool displacements.  In general, close-
center spool valves have a pressure gain that brings about 
the full pressure differential for a spool displacement equal 
to 3-5% of maximum.  In spool type control valves the 
spool displacement is generally proportional to the input 
signal, therefore 3 to 5 % of maximum input signal to the 
control valve is sufficient to generate the full pressure 
differential in a no-flow condition. 
The flow control valves commonly used in electrohydraulic 
servoactuators for flight control systems are two-stage 
electrohydraulic servovalves (EHSVs) which use an 
internal hydraulic amplifier to convert the electrical input 
signal into valve spool displacement.  Servovalves offer 
several advantages: they have a limited cost, weight little, 
require a very small electrical input power (in the 0.1 W 
range), and they have a large chip shear capability: if the 
valve spool is stuck in one position due to a debris, the 
pressure differential between the two sides of the control 
valve spool created by the internal hydraulic amplifier 
generates a large force on the spool to break it loose.  A 
problem associated with servovalves is their offset, that can 
greatly differ from one servovalve to another and that can 
change with life and with the operating conditions.  The 

servovalve offset is typically considered as the sum of two 
contributions: the null bias and the null shift.  The null bias 
is the difference between electrical null (zero input current) 
and hydraulic null (zero pressure differential) under 
standard operating conditions: supply and return pressures 
at their rated values, standard ambient temperature, valve 
mounted on a stationary structure.  The typical value of null 
bias is 3 to 4% of the rated input current and may increase a 
little at the end of  the operating life.  The null shift is a 
temporary variation of null bias with changing operating 
and environmental conditions and may be as high as 10% 
of the rated input current.  Worst of all the null shift is not a 
deterministic effect; two nominally equal servovalves may 
exhibit different null shifts, and also in the opposite 
directions, with the same change of operating and 
environmental conditions.  It thus turns out that under an 
adverse combination of null bias and shift, the resulting 
total servovalve offset can reach 15% of the rated input 
current. 
This particular behaviour of the servovalves has always 
been a critical issue and high performance light-weight 
proportional valves, known as direct drive valves (DDVs) 
within the aerospace community, have also been applied as 
flow control devices for electrohydraulic servoactuators.  
DDVs use the force developed by a proportional solenoid 
to drive the valve spool and do not rely on an internal 
hydraulic amplifier.  This configuration leads to several 
advantages:  reduced offset, lower internal leakage, lower 
probability of a hardover failure, but it has critical 
drawbacks. First of all, a much greater electrical input 
power is required (in the 3 - 5 W range), then, greater 
weight, reduced chip shear capability and high cost. 
Moreover, DDVs require an internal spool position 
feedback loop and often also a spool velocity loop nested 
within the spool position loop to ensure a high dynamic 
response with adequate stability. Although DDVs have 
been used in recent applications, EHSVs are still the 
preferred choice as flow control valves in electrohydraulic 
flight control systems, especially considering their low 
electrical power consumption. The 3-5 W power required 
by DDVs is apparently little, but when one considers the 
electrical drivers of several DDVs all tightly packed within 
a flight control computer, that power consumption and the 
associated thermal dissipation may become a concern for 
the electronic designers. 
Let us now consider two electrohydraulic servoactuators 
driving a flight control surface as shown in the concept 
block diagram of Figure 1.  Each servoactuator consists of 
a linear hydraulic actuator, a flow control valve, a solenoid 
valve, a shutoff/bypass valve and a control electronics; a 
position transducer inside the hydraulic actuator provides 
the feedback signal to the control electronics to close the 
position control loop.  The actuator control electronics 
receives the position command for the flight control surface 
from the section of the flight control computer that 
processes the signals from the cockpit controls and from the 
aircraft sensors and generates the control signal to the 
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control valve according to a proper control law, thereby 
modulating the flow/pressures to the hydraulic actuator as 
required to respond to the pilot inputs and to the variable 
loads on the aerodynamic surface.  The actuator control 
electronics also generates an on/off electrical signal 
(arming signal) to a solenoid valve; when the solenoid 
valve is energized, a high pressure pilot signal is ported to a 
shutoff / bypass valve which causes this valve spool to 
move into a position such to connect the ports of the 
control valve to the two sides of the hydraulic actuator, thus 
enabling the actuation system operation.  If the arming 
signal is off and the solenoid valve is deenergized, or if no 
pressure is available due to a hydraulic system failure, the 
pilot signal is at low pressure and the shutoff / bypass valve 
is switched into a position such to close the connection 
between the ports of the control valve and the hydraulic 
actuator, and to simultaneously interconnect the two sides 
of the actuator in order to allow a flow recirculation as a 
consequence of the movements imposed to the actuator 
from the other active actuator connected to the same flight 
control surface. Very often, the fluid recirculating between 
the two sides of the actuator passes through a restrictor 
providing a pressure drop which is a function of the flow 
rate and thus of the actuator speed.  This feature is 
instrumental in creating a certain amount of damping to the 
flight control surface in case of loss of operation of both 
hydraulic actuators; in such a case, the flight control 
surface operation is lost, but the same surface automatically 
positions itself in the aerodynamic wake and the amount of 
movements around that average position is limited by the 
actuators damping. 
Each of the two identical electrohydraulic servoactuators is 
hooked to a different aircraft hydraulic system and it is 
often controlled by two different control lanes, thereby 
leading to a dual hydraulic/quadruplex electrical 
architecture.  With this architecture, each of the electrical 
components of the servoactuator (solenoid valve, control 
valve, position transducer) is dual electrical and 
accepts/transmits two electrical signals; moreover, the four 
position signals provided by the position transducers of the 
two servoactuators (two electrical signal per transducer) are 
exchanged among the four flight control computers (FCCs) 
via optoisolated links. Each FCC has thus available all 
position transducers signals, performs a signal 
consolidation according to a common logic, and perfectly 
identical control signals are thus issued by the FCCs to the 
electrical lanes of the two control valves. 
We now consider the case of the two control valves 
actually consisting of two equal EHSVs. When a 
servovalve receives a control signal to move off null, a 
pressure differential is created between the control ports 
that is proportional to the magnitude of the control signal 
and on the servovalve pressure gain; this pressure 
differential is acting upon the actuator that develops a load 
force. 
For an ideal servovalve with zero offset the control signal 
versus the load force is as shown in Figure 2a. If a 

servovalve offset is present, the curve of the actuator load 
force is shifted of an amount equal to the offset as shown in 
Figure 2b. 

 

 
 

Figure 1  Concept schematic of a dual redundant 
electrohydraulic servoactuator. 

 
If only one servoactuator were driving the flight control 
surface, or if the two EHSVs of the two servoactuators had 
exactly the same offset, the presence of an offset would non 
originate any problem to the system operation. 

 

 
 

Figure 2  Servovalve control signal vs. actuator load force 
for a servovalve without offset (a) and with offset (b). 

 
As it is shown in Figure 3a, if a certain load force F1 must 
be developed by sum of the two actuators controlled by two 
EHSVs with equal offsets, a current control signal i1 must 
be created by each of the control electronics, such to create 
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a pressure differential across the two sides of each actuator 
to develop a total force equal to F1.  The control signal i1 is 
equal to:  
 

P

1
01 AG2

Fii +=  (1) 

where: 
i0  = servovalve offset 
F1 = load force on the flight control surface     (total 

of the two actuators) 
A = active area of each actuator (assuming balanced 

area actuators) 
GP = servovalve pressure gain. 

For the simple case of a servoactuator controlled with a 
proportional control law, the position error is equal to the 
control signal divided by the proportional gain, and since 
this gain can normally be set sufficiently large while still 
maintaining the system stability, the resulting position error 
is low and generally acceptable.  Should it be required to 
further reduce this error, that can be achieved by addiying 
an integrator with a suitable gain in the control law. 
If the two servoactuators driving the same flight control 
surface are controlled by two servovalves with offsets in 
opposite directions, a total load force is obtained as shown 
in the diagram of Figure 3b. The total load force diagram 
shows a region of zero force gradient in which the overall 
system does not respond to the control signals issued by the 
electronic controllers. This behaviour is totally 
unacceptable in flight control systems because of the 
resolution, frequency response and dynamic stiffness 
requirements. 
The accuracy requirement for a servoactuator of a primary 
flight control system is in general not particularly stringent 
since the flight control servoactuator is actually a 
subsystem of the aircraft attitude control system that makes 
up the outer reference loop, and 1-2 % error is normally a 
requirement. In other words, the overall objective is to 
accurately control the roll, pitch and yaw angles of the 
aircraft, and the accuracy errors of the flight control 
servoactuators are divided by the gains of the outer 
reference loops. On the other hand, a very tight requirement 
is the resolution of the servoactuator, which is defined as 
the capability to respond to the command changes. The 
resolution requirements depend upon the aircraft category, 
but are most often in the range from 0.006° to 0.025° of 
angular deflection of the flight control surface. For the case 
of 60° maximum that corresponds to a servoactuator 
resolution between 0.01% and 0.04% of full actuator travel.  
Consider now the unlucky case of a dead band (Figure 3b) 
equal to 20% of maximum servovalve control signal; the 
electronic controller gain is typically set such that the 
maximum servovalve control signal is obtained for a 
position error equal to 4-5% of the full actuator travel, and 
this stems from the need to provide a suitable frequency 
response while maintaining an adequate stability margin.  
As a result, a 20% dead band for the control signal is 

reflected into a dead band of 0.8% to 1% of full actuator 
travel, which is about two orders of magnitude greater than 
the specified resolution.   
 

 
 
 

 
 

Figure 3  Total load force provided by two servoactuators 
connected to the same flight control surface for the cases of 

servoactuators controlled by servovalves with identical 
offsets (a), and of servoactuators controlled by servovalves 

with opposite offsets (b). 
 
The dead band around the null condition also negatively 
affects the system frequency response to small amplitude 
commands introducing excessive phase lag and gain 
attenuation. 
A second critical condition created by the dead band of the 
actuators load force is that the system stiffness is practically 
reduced to zero in that area.  As a consequence, when the 
aircraft flight control surface is subjected to fluctuating 
loads originated by the atmospheric turbulence, large 
oscillations of the flight control surface are originated 
which on their turn give rise to a bumpy aircraft flight. 
It is therefore clear that a flight control actuation system 
architecture in which two servovalve controlled 
electrohydraulic servoactuators driving the same flight 
control surface are both active is not acceptable for aircraft 
primary flight control systems. 
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3  TECHNIQUES USED FOR A BETTER LOAD 
    SHARING OF PARALLEL SERVOACTUATORS 

A solution often used to avoid the dead band in the signal 
versus load force diagram is to always operate one 
servoactuator at the time: one of the two servoactuators is 
operating while the second one is in a bypass mode (active / 
standby architecture). This solution is simple and eliminates 
the root cause of the dead band and has for instance been 
used by Airbus the fly-by-wire primary flight control 
actuators of  their aircraft.  Two main drawbacks are 
however associated with this architecture. First, the 
actuators must be overdesigned since under normal 
operating conditions the active actuator must be capable of 
driving the maximum aerodynamic load plus the load 
created by the standby actuator. Second, in case of a failure 
of the hydraulic system providing the pressure supply to the 
active actuator, a time delay occurs between the onset of 
hydraulic system failure and the instant in which the 
standby servoactuator is activated and takes up the control 
of the aerodynamic surface. This delay depends on the time 
necessary to positively recognize the failure, on the 
energization time of the solenoid valve and on the 
commutation time of the shutoff / bypass valve. During this 
time delay there is a temporary loss of control of the 
aerodynamic surface, which does not lead to a flight critical 
condition since it lasts relatively little (0.1 to 0.2 s), but can 
anyhow create an unpleasant sudden disturbance during the 
aircraft flight. 
Another approach to minimize the effect of the servovalve 
offsets and improving the load sharing between two 
actuators driving a common flight control surface is that to 
reduce the sensitivity to the offests by softening the 
pressure gain characteristics of the servovalves. As it can 
be seen in the diagram of Figure 4, two gain servovalves 
with large opposite offsets and low pressure gains do not 
originate a dead band in the combined load force diagram 
of the two actuators.  
 

 

Figure 4  Total load force provided by two servoactuators 
connected to the same flight control surface for the case of 
servoactuators controlled by low pressure gain servovalves. 

 
A reduction of the pressure gain can be obtained by 
overcutting the spool lands in order to achieve an open-
center valve configuration. This solution is effective in 
eliminating the dead band of the load force diagram, but it 
brings about two main disadvantages: an average low 
stiffness due to the low pressure gain and large internal 
leakages due to the open-center configuration.  For these 
reasons, this solution had very limited applications. 
A different way for obtaining an even load sharing between 
two hydraulic actuators driving a common aerodynamic 
surface consists of controlling the pressurized fluid flows to 
the two hydraulic actuators with a single control valve 
consisting of long spool sliding inside a sleeve interfacing 
with the two hydraulic systems and the two actuators. The 
valve actually consists of two sections: section I controls 
the flow between hydraulic system I and actuator I, while 
section II does the same for hydraulic system II and 
actuator II. A very careful and accurate machining of the 
spool lands allows an excellent matching between the two 
sections, so that equal pressure differentials are created for 
the two actuators as a result of a spool displacement away 
from null, providing that the supply pressures of the two 
hydraulic systems are equal. With this solution, the 
movement of the spool is obtained by applying 
appropriately controlled pressures at its two ends. Each 
opposite end of the spool carries an integral piston sliding 
inside a cylinder whose two chambers are connected to the 
control ports of a servovalve, as it is shown in the concept 
block diagram of Figure 5. The position of the main control 
valve spool is measured by a position transducer that 
provides a feedback signal used to close a main control 
valve position loop. The two servovalves are of a little size 
since they only have to control the flows resulting from the 
displacement of the main control valve spool, and present 
low pressure gains. High gains are not necessary here 
because the main control valve position feedback loop does 
not need to be particularly stiff. As it has been shown in the 
diagram of Figure 4, the use of servovalves with low 
pressure gains minimizes the negative effects of adverse 
combinations of servovalves offsets; at the same time, there 
is no reduction of the servoactuator stiffness since the low 
pressure gain only affects the stiffness of the internal 
position loop of the main control valve and not that of the 
servoactuator loop, which is ensured by the high pressure 
gain of the main control valve. Although this architecture is 
more complex, it has been widely used in fly-by-wire 
primary flight control systems due its undisputable 
performance advantages. The primary flight control 
systems of the Tornado and of the F-18 are examples of 
application of this architecture. 
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Figure 5  Concept block diagram of a system comprised of 
two electrohydraulic servoactuators controlled  
by a common dual section flow control valve. 

 
The same design concept of using a single valve for 
modulating the flows to two hydraulic actuators can be 
pursued by using a direct drive valve whose spool is driven 
by multiple force motors. The spool position is measured 
by a transducer that provides the signal necessary to close 
the spool position feedback loop. High performance DDVs 
tend to be marginally stable and their stability is often 
improved by providing them with the capability of 
measuring the spool velocity and increase their internal 
damping by creating a spool velocity feedback loop internal 
to the spool position loop. Primary flight control actuation 
systems based on this architecture have been used in the 
primary flight control systems of some military aircraft 
such as the Eurofighter. As it has been pointed out at the 
beginning of paragraph 2, a DDV based architecture as the 
merits of an overall greater reliability and of lower internal 
leakages, but the much greater electrical power draw and 
cost may thwart their use in several applications.  
Moreover, the lower axial force developed on the spool by 
the force motors when compared to that developed by 
hydraulic pressure raises concerns about their ability of 
shearing off large debris that could remain stuck between 
spool and sleeve and create a spool lock.  
 

 

Figure 6  Concept block diagram of two electrohydraulic 
servoactuators with individual servovalves (EHSVs) and 

differential pressure equalization. 
 
A fourth way to improve the load sharing between two 
electrohydraulic servoactuators while simply using two 
servovalves, with each valve controlling the flow to its own 
actuator, is to sense the pressure differentials across the two 
actuators, compare the two pressure differentials and inject 
compensation signals into the servovalves currents such to 
equalize the actuators pressure differentials (Figure 6).  
This technique is simple in principle, but its 
implementation is not an easy task since a careful tradeoff 
must be performed between the need of equalizing the 
actuators pressure differentials and that to avoid excessive 
transient uncommanded movements in case of a failure and 
of the subsequent shutoff after the failure has been 
recognized.  The main areas requiring a careful scrutiny 
are: definition of the best strategy to change from the 
system null that existed prior to the failure to the system 
null after the failure, performance with different supply 
pressures of the two hydraulic systems, dynamic response 
and stability of the equalization loop, errors of the pressure 
measuring devices, maximum authority granted to the 
equalization loop, failure detection of the differential 
pressure sensors and corrective actions.   Concerns about 
these design issues have been the main reason for a very 
limited application of this type of architecture to fly-by- 
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wire flight control systems. A partial application of this 
architecture is found in the primary flight controls of the 
B2.  The primary flight control servoactuators of this 
aircraft actually have their flows controlled by separate 
DDVs and differential pressure sensors are used by each 
servoactuator to provide a dynamic pressure feedback for 
improved dynamic performance.  In addition, the signals of 
the two differential pressure sensors are compared to each 
other to create compensation signals to the two DDVs to 
reach a better load sharing between the actuators. DDVs, 
however, exhibit a much lower offset than EHSVs, 
therefore, the equalization issue is much less critical than 
with EHSVs. 

4  OPTIMISATION OF THE CONTROL STRATEGY 
    FOR EQUALIZING PARALLEL  
    SERVOACTUATORS CONTROLLED  
    BY ELECHTROHYDRAULIC SERVOVALVES 

As emphasized before, the purpose of the research activity 
presented in this paper was to define an optimized solution 
for achieving an even load sharing between two hydraulic 
actuators separately controlled by individual 
electrohydraulic servovalves. The merits of the solution 
that was eventually developed are: simple system 
architecture, lower cost, limited transient disturbance 
following a failure, possibility of operation following a 
seizure of a valve spool.  Though the probability of a 
seizure of valve spool is considered very low, still the 
system architectures based on a single flow control valve 
for the two actuators (schematic of Figure 5) present 
multiple redundant control lanes with a common link made 
up by the single main control valve; a failure of this valve 
leads to the loss of operation of the relevant flight control 
surface.  Controlling the actuator flows with two different 
control valves offers a greater survivability to the flight 
control system.  The concept schematic for the system 
under study is therefore the one shown in Figure 6. 
In order to define the general architecture of a control law 
aimed at equalizing the forces developed by two actuators 
controlled by electrohydraulic servovalves it is convenient 
to refer to a linear model of the system; the actual values of 
the control parameters will then be fine tuned with the use 
of a detailed non-linear model, that will also be used for 
evaluating the system performance under normal operating, 
degraded and failure conditions. The block diagram of the 
linearized mathematical model of the system is illustrated 
in Figure 7. The input command xC is compared to the 
position feedback z to generate the position error e which is 
processed by a control law with a transfer function G1(s) to 
provide the control signals to the two servoactuators.  The 
control signals (equal for both servoactuators) are modified 
by the equalization signal h, which is subtracted to the  

 
control signal of servoactuator 1 and added to the control 
signal of servoactuator 2; the modified control signals are 
then fed to digital-to-analogue converters to generate the 
input signals to the servoamplifiers with a gain GA 
generating the controlled currents i1 and i2 to the 
servovalves. The offsets of the two servovalves are 
represented in the block diagram by disturbance currents id1 
and id2, which are added to the actual currents i1 and i2.  
Therefore, the two servovalves will behave in response to 
equivalent currents iV1 = i1 + id1 and iV2 = i2+id2.  The 
remaining portion of the forward path of the control loop is 
the usual block diagram of a hydraulic servoactuator; GV(s) 
is the transfer function defining the servovalve dynamics, 
GQ and GP the servovalves flow and pressure gains, C the 
hydraulic capacitance of each actuator chamber with the 
actuator assumed at mid position, kL the internal leakage 
coefficient, A the actuator area, k the stiffness of the 
actuator attachment point to the underlying structure, cV  
the external damping coefficient, m the total mass of the 
moving parts reflected to the actuators linear output.  In the 
same block diagram δp1 and δp2 are the pressure 
differentials across the two sides of actuators 1 and 2, F1 
and F2 the corresponding actuator forces, R the load force, 
y the actuators linear displacement. 
The transfer function H(s) of the feedback path is that of 
the demodulator filtering the electrical signal provided by 
the actuators position transducer.  Fly-by-wire flight control 
systems typically use LVDT type position transducers 
because of their robustness and capability of operating in 
harsh environments; these transducers are supplied with a 
high frequency ac input voltage and require low-pass 
second-order filters to cancel out the alternating component 
of the output signal.   
The two pressure differentials δp1 and δp2 are measured by 
differential pressure transducers also consisting of LVDTs 
measuring the displacement of a spring centered cylinder 
subjected to the pressure differential.  The output signal of 
each of these transducers is therefore demodulated by a 
filter with a transfer function HP(s).  The difference 
between the two pressure differential signals is then fed to 
the equalization control law that is indicated in the block 
diagram of Figure 7 with the transfer function He(s), which 
is actually a complex function as it is shown in the diagram 
of Figure 8.  
The difference δp1-2 = δp1 - δp2  between the two pressure 
differential signals first passes through an activation block 
that is commanded by the enable/disable control logic. 
In order for the equalization function to be activated, both 
servoactuators must operate correctly and be pressurized, 
which condition is signalled by the pressure switches of the 
two servoactuators. 
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Figure 7  System block diagram. 
 

 

 
 

Figure 8  Block diagram of the equalization control law. 

If both pressure switches signals are "on", an enable signal 
is sent to the activation block that transfers the δp1-2  signal 
to the following blocks; on the contrary, the output of the 
activation block is equal to zero. The δp1-2 signal is 
processed by a modified PI controller in which the gain KIC 
of the integral part of the controller is varied with time 
when the equalization logic is activated, starting from an 
initial large value at switch-on to a smaller one after the 
initial equalization transient has settled. The integrator 
output signal is saturated to maximum / minimum values; 
the saturation limits are enabled if both pressure switches 
signals are "on"; on the contrary they are set to zero.  The 
output signals hI and hP from the integral and proportional 
controllers are summed up, the resulting equalization signal 
h is saturated to a maximum/minimum limit and injected 
with the appropriate sign into the summing points of the 
forward paths of the two servoactuators control loops. 

In order to better understand the rationale behind the 
selection of the equalization controil law outlined above, it 
is convenient to consider a simplified case of a system in 
which the control transfer function G1(s) is a pure gain K1, 
the equalization transfer function He(s) consists only of a 
proportional gain KPC, and the system is in a stationary 
condition.  For these simplified conditions, the two pressure 
differentials δp1 and δp2  are given by the following 
expressions, where e is the servoactuators position error 
and K’L=GQ/GP is the ratio between servovalve flow and 
pressure gains.. 
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For the worst case of two servovalves with opposite offsets, 
id1 = -id2 = id0, equations (2) and (3) become: 
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The flow gain GQ is a parameter that is selected as a 
function of the actuation speed to be developed by the 
actuator, therefore, should no equalization be present (KPC 
= 0), the only possible way for reducing the difference 
between δp1 and δp2 is to increase the internal leakage 
(greater kL) or reduce the pressure gain GP. However, both 
these ways lead to a reduction of the value of the 
coefficient multiplying the servoloop error e, which implies 
a reduction of the servoactuator stiffness, since a greater 
error is necessary to obtain the same pressure differential.  
Introducing the pressure equalization (KPC > 0) brings 
about a reduction of the effect of the offset current id0 on 
the pressure differentials.  The difference between δp1 and 
δp2  thus decreases with increasing the value of KPC, but 
this process cannot continue above a certain limit for it 
would lead to an instability of the pressure equalization 
loop.   However, it must be considered that the servovalve 
offsets are the result of different contributions, as it was 
outlined at the beginning of this paper.  Some contributions 
(null bias and null shift with temperature) are steady-state 
or quasi-steady-state factors and their effect can thus be 
recovered by introducing a low gain integrator (KIC in the 
block diagram of Figure 8), that eventually develops a 
signal such to compensate these contributions to the 
servovalve offsets.  Since the maximum null bias is about 
4% of the rated servovalve current, and the maximum null 
shift with temperature can take another 4% of rated 
servovalve current, the saturation limit KICM of the block 
diagram of Figure 8 can be set such to correspond to 8% of 
the rated servovalve current.  However, in case the signal of 
one of the two pressure switches is "off", the saturation 
limit KICM  is set to zero to fully disable the equalization 
logic.  At the same time, the saturation limit hM of the entire 
equalization control law can be set to 15% of the rated 
servovalve current, which is the maximum possible offset 
under normal servovalve operation. 
The rationale for this control law is to use the integral 
control for compensating the steady-state offsets, while 
using the proportional control only for compensating the 
rapid variation of servovalve offsets, such as those 
originated by variations of the return pressure due to the 
pressure drops originated by the flow through the return 
lines.  Since the proportional control has to compensate 
only a fraction of the servovalve offset, it can be kept lower 
than it would be required for entire offset compensation, 
and the equalization loop stability can be maintained while 
minimizing the residual difference between the two 
pressure differentials. 
The gain KIC of the integrator must be kept low to prevent 
an adverse effect on the stability of the equalization loop, 

but this may be a negative factor at the start-up when the 
equalization logic is activated, since it would lead to a long 
settling time.  The value of the integrator gain is thus 
initially set high and equal to 10 times its normal value and 
is reduced to its normal value as the difference δp1- δp2  is 
reduced to a value equal to 20% of the supply pressure.  
From then on, the integrator gain remains constant at that 
value, no matter of the variations of δp1 - δp2 .  This 
technique allows an acceleration of the initial settling time 
without affecting the equalization loop stability.  

5  CHARACTERISTICS OF A SERVOACTUATOR  
    FOR A PRIMARY FLIGHT CONTROL SYSTEM 

The merits of the equalization control technique described 
in the previous paragraph have been assessed with 
reference to a typical fly-by-wire system for the control and 
actuation of a primary flight control surface of a medium-
size aircraft.  The system consists of two microprocessor 
controlled electrohydraulic servoactuators with the main 
characteristics reported in table I. 
 

Table I servosystem characteristics 
Supply pressure 28 MPa 
Return pressure 0.5 MPa 

Hydraulic fluid conforming to MIL-PRF- 5606  

Actuator stroke 100 mm 

Maximum external load 25000 N 

No-load speed 100 mm/s 

Total system inertia reflected to actuator 90 kg 

External damping coefficient 10000 Ns/m 

Stiffness of the actuator attachment point  4x107 N/m 

LVDTs excitation frequency 3 kHz 

Microprocessor recursion rate 400 Hz 

Microprocessor computation time 1 ms 

Analogue/digital converters resolution 12 bit 

 

The design characteristics of the actuators and their 
components, and the system control law were defined to 
meet the requirements listed above.  Extensive simulations 
were run for the ideal case of two servoactuators supplied 
with identical pressures and controlled by zero offset 
servovalves; the results of these simulations were used as a 
benchmark for the performance of servoactuators with 
servovalves exhibiting different offsets and for assessing 
the merit of the equalization control technique. The system 
response to different conditions was taken as representative 
of the system dynamic behaviour; these conditions were: 
 
 No-load - frequency response for input commands of 

±0.1 mm (autopilot adjustments) and ±2 mm (small 
amplitude pilot commands)  
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 No actuator command - dynamic stiffness for a load 
fluctuations of ±500 N (level flight under turbulence)  
and ±3000 N (level flight under gusts)  

 No actuator command - half sine variation of load 
from 0 to 10000 N to 0 in 0.5 s (windshear). 

6  DYNAMIC BEHAVIOUR OF SERVOACTUATORS  
    WITH OFFSETS 

Starting from the reference system with ideal 
servoactuators, a system consisting of actuators controlled 
by servovalves with different offsets was analyzed.  In 
particular, servovalves with two opposite offsets 
corresponding to 10% of the rated current were considered, 
which case could well occur within the normal range of 
operating conditions. The dynamic behaviour of the system 
was assessed in response to the same input conditions 
considered for the ideal servoactuator. A system without 
equalization was first analyzed which showed as expected 
a large worsening of its dynamic characteristics, as clearly 
seen in  Figures 9 through 12.  When a small input 
command of ±0.1 mm amplitude is given at a very low 
frequency of 0.1 Hz (Figure 9a), a system with opposite 
servovalve offsets can respond to the command, though 
with a relatively large phase lag; however, if the command 
frequency is increased to 0.2 Hz (Figure 9b), the same 
system is practically not responding any longer to the small 
amplitude command. If the amplitude command is 
increased to ±2 mm, the differences between systems with 
and without servovalve offsets become marginal, since the 
dead band in the combined pressure gain curve is negligible 
with respect to the command amplitude, and some 
differences show up only at high frequencies as it can be 
seen in Figure 10. 
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Figure 9  Servosystem without equalization: time response 
with no-load and input displacement of ±0.1 mm  

(a) f=0.1 Hz and (b) f=0.2 Hz. 
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Figure 10  Servosystem without equalization: frequency 
response with no-load and input displacement of ±2 mm. 
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Figure 11  Servosystem without equalization: dynamic 

stiffness with eternal force (a) R=±500 N and  
(b) R=±3000 N. (Stiffness units are N/m). 

A very large difference in the system performance between 
the two conditions of zero servovalve offsets or maximum 
opposite offsets occurs for the dynamic stiffness.  Since the 
typical frequency range for the loads fluctuations on the 
primary flight control surfaces is between 5 and 20 Hz, it 
can be seen from the diagrams of Figure 11 that a dramatic 
reduction of the dynamic stiffness up to 30 dB can be 
originated by the opposite servovalves offsets, which is 
clearly unacceptable.  This loss of dynamic stiffness is 
reflected into the system response to a strong gust, as 
shown in Figure 12.  A system without offsets reacts with a 
minimum transient error, while a system with opposite 
servovalves offsets shows a large compliance and a 
transient disturbance up to 0.7 mm of actuators stroke. 
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Figure 12  Servosystem without equalization: response  

to a half sine variation of load. 

A system with pressure differential equalization 
according to the strategy outlined at the end of paragraph 4 
was then analyzed, and the system response to the different 
input conditions is illustrated in Figures 13 through 16.  In 
particular, Figure 10 shows that no practical difference 
exists between the ideal system (no servovalve offset) and a 
system with maximum opposite servovalves offsets and 
differential pressure equalization; the curves for these two 
conditions are actually superimposed in the diagrams of 
Figures 13 and 14.  Some minor difference exists in the 
response to a large gust (Figure 16), and the maximum 
transient position error is equal to 0.052 mm compared to 
0.03 mm of the ideal system.  However, this error is one 
order of magnitude lower than the error of a system with 
servovalve offset without differential pressure equalization, 
which is equal to 0.7 mm as it can be seen in Figure 12. 
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Figure 13  Servosystem with equalization: time response 

with no-load and input displacement  
of ±0.1 mm at f=0.2 Hz. 
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Figure 14  Servosystem with equalization: frequency 

response with no-load and input displacement of ±2 mm. 
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Figure 15 Servosystem with equalization: dynamic stiffness 

with external force R=±3000 N (stiffness units are N/m). 
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Figure 16  Servosystem with equalization: response  

to a half sine variation of load 

7  CONCLUSIONS 

The research activity performed on the equalization 
techniques for dual redundant electrohydraulic 
servoactuators for aircraft flight controls showed that the 
implementation of a suitable control strategy permits to 
attain a good load sharing between two electrohydraulic 
servoactuators of the aerodynamic force acting on a flight 
control surface.  By using in an appropriate way the signals 
provided by two pressure differential transducers it is 
possible to perform an effective compensation of variable 
servovalves offsets and to minimize the transient 
disturbances following a failure, which enables the use of 
servoactuators with a simple and less expensive 
architecture.  
An accurate analytical model was prepared that clearly 
showed the merits of implementing the pressure differential 
equalization control algorithm. 
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