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Abstract: The work presents a robotic system for grinding the blades of a turboprop engine compressor. The proprietary conceptual solution includes a data acquisition 
system based on a robotic 3D scanner, a neural decision system and a robot performing a grinding process with force control. The contact force of the tool to the blade was 
assumed as a variable and controlled process parameter. A neural network was used to generate the contact force on the basis of measured machining allowances on the 
blade. A virtual grid of several dozen regularly spaced points was placed on the surface of the blade. The neural network was learned the allowance-force dependence for 
the selected points, making it possible to select the proper contact force on the surface to be machined. The developed algorithm for the process of robotic grinding of the 
blades takes into account the necessity of ongoing quality control of the processing and the introduction of corrections in the process. 
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1 INTRODUCTION 
 

The continuous development of sensory and executive 
systems enables the extension of the implementation of 
robotic systems into new areas of technology. 
Development work in the field of industrial robotization 
mainly concerns applications where a very large process-
robot interaction is required. Such problems include the 
process of grinding blades, where there is a need to remove 
the variable machining allowance. The main driving force 
behind this type of work, in addition to minimizing human 
labour costs, is to improve safety conditions and increase 
the repeatability of the product. 

The blades are elements of flow motors in which they 
are structurally mounted in the form of a palisade. Their 
shape provides the ability to convert the energy of a 
flowing fluid into mechanical energy. In reverse 
applications, the blades allow for the conversion of 
mechanical energy into the kinetic energy of a flowing 
medium (compressors). The aviation and energy industries 
are the main recipients of the blades currently produced [1-
3]. There are a number of technologies for their production, 
from the most advanced, such as the process of casting 
blades by the monocrystalline method, to manufacturing 
them on CNC machines or additive manufacturing [4], up 
to the electrochemical method, which has been used for 
decades. Shaping blades as a result of electrochemical 
machining is economically justified; however, this 
technology is sensitive to a number of factors affecting the 
change of process parameters such as temperature, value of 
flowing current, gap width, etc. The uniqueness of blade 
design requires a manual individualized grinding process 
for each piece, and then finishing polishing. 

In the field of blade geometry measurements, contact 
and contactless methods are used. Contact methods (Fig.1) 
involve the use of various types of automatic devices with 
measuring probes used to determine the dimensions of the 
blade at selected points. Examples of such devices are 
described in [5, 6]. Sometimes robots with measuring 
probes [7] are also used, but this solution can only be used 
in the case of low requirements regarding accuracy, 
because the accuracy of robots is relatively small. 
Coordinate measuring machines (CMM) [8] are also used. 

In non-contact methods laser devices [9] and various types 
of scanners [10] stationary mounted [11] or on robot arms 
[12] are used.  
 

 
Figure 1 Measurement of blade geometry by contact method - simultaneous 

measurement of several points, including the position of the gripper 
 

The advantage of contactless measurements (Fig. 2) is 
the ease of measurement, while measurements with contact 
devices can be troublesome for small sized blades. This is 
due to the fact that it is usually required to measure all 
points simultaneously with several probes with which the 
device is equipped. On the other hand, contact devices 
provide greater accuracy of measurement and are not 
sensitive to dust, the method of lighting the blades or 
reflections depending on surface roughness, which 
unfortunately are important in contactless measurements. 
 

 
Figure 2 Measurement of blade geometry by contactless method - using a 3D 

scanner 
 

In the field of blade robotics, not only the problems of 
the grinding or polishing process are considered, but also 
issues related to ensuring the machining accuracy [13]. The 
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key issue here is the calibration of the robotic system [14], 
which affects the correct interaction of the machining tool 
with the blade. The grinding or polishing process is 
performed using belt grinders (Fig. 3) [10, 11] or rotary 
tools (Fig. 4). 
 

 
Figure 3 Robotic grinding process using belt grinder 

 

 
Figure 4 Robotic grinding process using rotary tool 

 
The process of grinding or polishing blades essentially 

depends on three parameters. The first is the contact force 
of the tool to the blade, the second is the peripheral velocity 
of the cutting surface of the tool and the last is the feed 
velocity. 

The contact force is applied in a passive or active way. 
In the passive method of applying the contact force, various 
types of flexible elements are used, such as springs or 
pneumatic systems that ensure the tool's contact force 
against the blade. It is possible to apply a variant in which 
the robot is equipped with a flexible tool and the blade is 
stationary, or the blade is in the robot gripper, which 
presses it against a tool which is affixed in a flexible 
manner. The force is not directly controlled here but 
depends on the deformation of the flexible element. The 
active method uses robots with the additional option of 
force control [15]. It is then possible to more precisely 
adjust the force, although this is a more expensive solution. 
Tools with the option of adjusting the contact force [16] are 
also used. The control of the peripheral velocity of the tool 
does not present difficulties, but it should be noted that this 
is a very important parameter on which the surface 
condition after machining depends. The result of an 
incorrectly selected velocity may be high roughness or 
overheating or scorching of the blade surface [17]. The 
feed velocity is the velocity of the tool movement relative 
to the blade or the blade relative to the tool - depending on 
which part is movable and which is fixed. As in the case of 
peripheral velocity, the feed velocity is a parameter whose 
control does not cause difficulties, but its selection is a very 
important aspect of the technology of blade production. 

Too little feed causes the collection of too much material, 
and sometimes even overheating of the blade, and too 
much feed causes the surface to be unground. All of these 
parameters are selected experimentally depending, inter 
alia, on the shape and material of the blade and the type of 
machining tool. The results of research on the aspects of 
force distribution, tool wear, the amount of material 
removed occurring during robotic machining were 
included in the article [18]. 

In the field of modeling and optimization of the 
grinding process, there are a number of publications. They 
refer to a large extent to the study of the impact of process 
parameters on the properties of the machined surface and 
modeling the relationship between process parameters and 
the characteristics of this surface. In the work [19], the 
surface integrity of nickel-based superalloy Inconel 718, 
involving morphological structure, surface roughness, 
residual stress and structural domain size, was 
characterized. The optimal values of the belt grinding 
process parameters were determined, such as belt speed 
and grinding force, at which the minimum surface 
roughness and the desired value of compressive stress were 
obtained. In the paper [20], the grinding force was modeled 
with taking into account rotating tool speed, feed rate, and 
dynamic change of depth of cut. The developed model can 
be used to predict the dynamic grinding force and selection 
of grinding process conditions. In article [21] an overview 
of simulation methods describing the interaction of 
grinding process and grinding machine structure was 
presented. Main factors such as vibrations, deflections, or 
thermal deformations were taken into account. In turn, the 
article [22] presents an advanced probabilistic model of the 
grinding process considering the random arrangement of 
the grain vertices at the wheel active surface. Paper [23] 
presents an analytical model for precisely predicting 
grinding force, heat flux, heat partition ratio and 
temperature field during the grinding process. The work 
includes microscopic mechanism of interaction of the tool 
and the workpiece. Paper [24] presents analytical models 
of tangential and normal forces occurring in the robotic 
grinding process. The purpose of modeling was to use force 
models to improve the quality of the process. Often, 
artificial intelligence methods were used to model the 
grinding process [25-27]. 

A huge problem when trying to use the methods 
described in the publications is that the models are either 
in the form of black boxes or in the analytical form, in 
which the authors give coefficients for the particular case 
analyzed by them. Therefore, the results of the publication 
can be treated only as a guide to solving the problem of 
modeling the grinding process and it is difficult to reliably 
compare the new methods to the existing ones. 

The aim of the work was to develop such a robotic 
grinding process that would take into account the 
individual geometric parameters of each blade. The most 
important grinding parameters are to be selected 
automatically on the basis of automated measurements that 
are part of the process. 

In the following sections of this article, a detailed 
description of the issue of blade grinding and robotization 
of this process is presented, with particular emphasis on the 
elements of the test stand. A developed neural system for 
generating a desired tool pressure force depending on the 
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parameters of the blade is presented. The novelty of the 
presented approach is taking into account the position of 
the machined area on the blade as a decision variable 
influencing the value of the desired pressure force of the 
tool. The use of this approach is justified by the variability 
of the curvature of the blade surface. The results of 
experimental research which confirm the correctness of the 
developed solution are also presented. 
 
2 DESCRIPTION OF THE PROBLEM 
 

The solution presented in the article concerns the blade 
grinding process based on the example of an aircraft motor 
blade. The process of grinding blades is monotonous, 
tedious, requiring manual skills, which means that it has 
great potential for robotization or automation [28]. In 
addition, this type of solution aims to significantly improve 
occupational safety and health in the plant and reduce the 
number of defective elements, improving the quality of the 
final product by eliminating from the technological process 
the human factor associated with stress, fatigue, mistakes 
etc. It was decided to apply the latest available solutions in 
the field of robotic machining. A variant was selected in 
which a blade placed in the robot gripper is machined using 
force control options. As a machining tool, a rotary 
abrasive tool was used. Contactless measurement of blade 
geometry is performed using a 3D scanner. To manage the 
machining process, a master system was used to generate 
the specified contact force of the blade on the tool. The 
system is based on the NN, which has learned the 
dependence between the contact force and the machining 
allowance at individual points of the blade. 

Proper selection of the desired contact force of the tool 
on the blade is a complex issue. The literature review in 
Section 1 shows that there is no unified approach to this 
issue, and the specificity of the problem should be taken 
into account. In most cases presented in the literature, the 
grinding force can be generally expressed in the following 
form 
 

 n r t, , , , , , ,F f Q v v w d k r T        (1) 

 
where f - a non-linear function, Q - removed allowance,        
vr - feed velocity, vt - velocity of the tool contact point,         
w - degree of tool wear, d - cutting depth, k - stiffness of 
system, r - surface roughness, T - temperature. Typically, 
the impact of selected, only the most relevant parameters is 
analyzed and taken into account in the given case. 

This paper presents the issue of machining a real blade 
whose shape is complex. The variable curvature of the 
blade makes the dependence on the contact force more 
complicated. The desired contact force also depends on the 
place where the tool is applied to the blade, i.e. the 
coordinates of the application point of the tool to the blade 
C: xC, yC, zC. An explanation of this dependence is 
presented in Fig. 5, which shows an example of a cross-
section of a blade. A tool that has a deformable layer is also 
shown. Depending on the curvature of the blade, the 
parameter c is changed, which is a measure of the size of 
the contact surface: in the case of small internal curvatures, 
the parameter c has a small value which increases with the 
increase of the curvature of the surface. In the case of 

external curvatures, the dependence is reversed. In the 
analyzed bibliography, such an approach to the problem 
was not encountered. 
 

 
Figure 5 The size of the contact surface depending on the curvature at the point 
of contact of the tool with the blade: a) small internal curvature; b) large internal 

curvature 
 

In the modeled process of blade grinding, fixed vr and 
vt parameters were assumed. Due to the fact that a very 
small layer of material is machined during the grinding 
process, the parameter d related to the depth of cut and the 
influence of temperature T are omitted. Simultaneously, 
the pressure forces are so small (several Newtons) that they 
do not cause significant deformations of the robot-grinder 
system and therefore the effect of the parameter k related 
to the stiffness of the system is omitted. Factory procedures 
recommend changing the grinding tool every few dozen of 
blades made. With low grinding forces, the durability of 
the tool is very high, which guarantees a small tool 
degradation that allows omitting the w factor associated 
with its wear. In addition, in the process of quality control 
of blades, the important parameters are geometrical 
dimensions, while the surface roughness r is not assessed. 
Such far-reaching simplifications are acceptable because 
the blades are not cooperating with other solid objects, but 
they work in the vicinity of gases. In addition, the robotic 
process is to replace the previous manual work without 
changes regarding the conditions of product quality 
control. Therefore, the dependence of the grinding force on 
the most important variable parameters is presented as 
 

 n C C C, , ,F f Q x y z         (2) 

 
To avoid the problem of analytical modeling of the 

complicated relationship between the desired force and the 
machining allowance Q occurring at the point determined 
by the coordinates xC, yC, zC, with fixed process parameters 
vr, vt, the NN was used, which was learned dependence 
given by Eq. (2).  
 

 
Figure 6 The area of the trailing surface of the blade with a grid of points applied 
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The outer surface of the blade, called the trailing 
surface or the so-called ridge was covered with a regular 
grid of points located at distances not greater than the width 
of the machining tool (Fig. 6). For these points the value of 
the contact force was determined. A detailed description of 
the neural generator of the set contact force is given in 
section 3.3. 
 
3 ROBOTIZATION OF THE BLADE GRINDING PROCESS 
 

The designed robotic blade grinding station includes 
an IRB 140 robot manipulating the workpiece, a grinding 
tool and an IRB 1600 robot with a 3D scanning head 
installed. The measuring system works with ATOS 
Professional software and communicates with the IRC5 
robot controller using the TCP/IP protocol. The 
RobotWare robot controller software provides control of 
two robots and is additionally equipped with a force control 
option. The variable process parameter - contact force - is 
determined by the NN on the basis of information from the 
measurement system.  
 

 
Figure 7 Diagram of the robotized workstation 

 
The robotized workstation is shown schematically in 

Fig. 7. 
 

3.1 Robot with Force Control 
 

The conventional approach to material processing 
using a robot is based on the implementation of pre-
programmed trajectories. In fact, there are a number of 
technological processes (casting, electrochemical 
treatment) that result in a semi-finished product with such 
a low accuracy that it is necessary to adapt the robot 
trajectory to the changing shape. One of the tools that 
makes this possible is the ForceControl application, in 
which the robot's movements are adapted to feedback from 
force sensors. In the solution proposed by the authors, the 
FC Pressure option was used. On the basis of a series of 
test works, a solution was proposed in which a fixed tool 
was used, and the object reference system (WorkObject) 
associated with the robot's arm was mobile. The robot's 
IRC5 software along with the set trajectories of motion 
were created in the RobotStudio program (Fig. 8). The use 

of the force control approach allows the trajectory to adapt 
to the variable shape of the workpiece. 
 

 
Figure 8 RobotStudio software - view of robot paths 

 
An advantage of the proposed approach is the 

reduction of the level of interference generated by the 
electro-spindle motor. When the rotating tool is on the 
robot arm, the force sensor registers the force value with 
interferences resulting from dynamic phenomena related to 
the movement of the tool [29]. 
 

 
Figure 9 Hierarchical control of the blade grinding process 

 
The hierarchical control structure shown in Fig. 9 was 

applied. The low-level controller uses a standard 
commercial solution based on the "FC pressure" strategy. 
The purpose of the controller is to realize the desired 
contact force while maintaining a constant feed rate. The 
desired contact force is generated by the high-level 
controller based on measuring machining allowances at 
selected points of the blade. 

In the work, the quality of force control in the low-
level was not analyzed, but the focus was on generating the 
desired contact force and the influence of the high-level 
controller on the quality of the grinding process. 
 
3.2 The System of Acquisition and Processing of 

Measurement Data 
 

An example of a blade before the grinding operation is 
shown in Fig. 10.  
 

 
Figure 10 View of a blade before grinding 
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The designed system allows the acquisition of 
measurement data containing information about the shape 
of a workpiece obtained as a result of 3D scanning (Fig. 2). 
After comparison with the standard CAD model, the values 
of machining allowances are determined at individual 
points of the blade (Fig. 11).  
 

 
Figure 11 Machining allowance on the surface of the ridge of the blade (ATOS 

Professional Blade software) 
 
Then, the obtained dimensions are automatically 

exported in the form of a text file to the robot's 
management system. In the process of determining 
machining allowances, the software add-on of the ATOS 
Professional Blade software dedicated to the inspection of 
all types of blades is used. 

 
3.3 Neural Process Controller 
 

The NN was learned dependence (2) with the 
following assumptions: 
- tool rotation velocity is constant and amounts to            

nt = 4500 rpm, 
-  feed velocity, understood as the velocity of the blade 

relative to the tool, has a constant value when the blade 
is in contact with the tool and amounts to vr = 0.02 m/s  

-  blade returns, when the velocity is variable, are done 
without contact with the tool, 

-  the contact force may vary in the range of 2 to 8 N - 
tool contact forces less than 2 N are not used, because 
there is no real possibility of controlling the force in 
the robot's control system; contact forces higher than 8 
N cause the scorching of the blade surface, which is an 
unacceptable phenomenon. 
In this way, the number of variable factors on which 

the desired contact force depends is reduced to two: 
 

 n ,F f Q n           (3) 

 
where Q - machining allowance, n - number of the point 
specifying the area on the surface of the blade inserted 
instead of the coordinates xC, yC, zC. 

The neural controller of the blade grinding process was 
built in the Matlab program, using the "Neural Network 
Toolbox" library. To approximate the dependence of the 
tool contact force on the machining allowance, a feed-
forward NN was selected and learned according to the 
backward error propagation algorithm [30]. For the 
purpose of the research work a software tool was 
developed to test the quality of NN approximation 
depending on the following parameters: number of hidden 

NN layers, number of neurons in hidden layers, neuron 
activation functions, learning parameters, etc. The research 
was carried out by changing the number of hidden layers 
in the range 1-3 and the number of neurons in the layers in 
the range 3-30, and three types of neuron activation 
functions were tested: linear, sigmoidal unipolar and 
sigmoidal bipolar. Based on the results of these studies, a 
NN with two hidden layers with nine neurons in each of 
these layers was selected. In the hidden layers, sigmoidal 
unipolar functions of neuron activation were used, while 
linear activation functions were used in the output layer. 
The weights were learned according to an algorithm based 
on the Levenberg-Marquardt optimization method. 

Data for learning the NN was obtained during 
measurement experiments. At 80 points located on the 
surface of the ridge of the blade, geometrical 
measurements were made to determine the size of the 
machining allowance (Fig. 10). Next, at the given contact 
force of the tool, the surface was machined and then the 
surface geometry was measured again. Thanks to this, the 
dependence of the thickness of the material layer collected 
on the tool contact force was determined experimentally. 
The values of contact force applied in successive 
experiments are successively 2, 3, 4, 5, 6, 7, 8 N. The 
discussed experiments were carried out on 30 blades in 
order to take into account the variability of the blades in 
the set of measurement data. A breakdown of the 
measurement data obtained is shown in Tab. 1. 
 

Table 1 Breakdown of the measurement data used to train the NN 
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Figure 12 Structure of the neural network 

 
The NN was used to solve the inverse problem: for 

each of eighty measurement points, the neural process 
controller should generate the values of the tool contact 
forces, if the value of the machining allowance is known at 
these points. Information on the blade number was not 
taken into account in the process of learning the NN. The 
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structure of the input and output layers of the NN results 
from the structure of the measurement data. The NN has 80 
inputs and 80 outputs (Fig. 12), which is the number of 
measuring points. The input vector consists of the value of 
machining allowances at 80 measuring points. The input 
data is normalized to the interval [0-1]. The structure of the 
NN causes the value of the machining allowance at one 
point to affect the value of the generated force not only at 
this point, but also the values of contact forces at the 
remaining points. The advantage of such a solution is that 
between the generated points the generated contact force 
will not change drastically. From the point of view of 
smooth implementation of the machining process, this is of 
great importance. In addition, the process control system is 
less sensitive to the measurement errors. 
 

 
Figure 13 Graphical presentation of the values of the tool contact forces 

necessary to collect the machining allowance at individual measuring points 
 

 
Figure 14 The dependence of the contact force on the machining allowance at 

selected measuring points generated by the neural process controller 
 

Fig. 13 graphically presents the values of contact 
forces at individual measuring points generated by the 
neural process controller for the blade shown in Fig. 10 and 
Fig. 11. At measurement points where a large machining 
allowance occurred, the generated contact force is greater 
than at points where the machining allowance was small. 
The exact relations between the tool contact force and the 
machining allowance at selected measuring points 13 and 
28 are presented in Fig. 14. These are dependences 
obtained using a neural process controller. At other 
measuring points, these dependences have a similar 
character, although slightly different values. 
 

4 SOLUTION VERIFICATION 
 

The designed robotized workstation with neural 
process controller was subjected to verification tests. A 
block diagram of the robotic blade grinding process is 
shown in Fig. 15. The process starts with measuring the 
blade geometry and determining the machining allowance. 
Then, for each grid point, the contact force is determined, 
and the blade machining process begins. After the grinding 
process is carried out, the blade geometry measurement is 
performed again, and machining allowances are 
determined at individual points. If the machining 
allowances are within the specified tolerances, the process 
is terminated. Otherwise, the contact force is determined 
and the process of machining and checking the blade takes 
place until the desired geometry of the surface to be 
machined is obtained. A loop in the process is provided for 
inaccuracies of the control system or machining 
allowances that are too large to collect in one cycle. A view 
of the blade after grinding is shown in Fig. 16, and the 
measured allowances at the end of the process are shown 
in Fig. 17. 
 

 
Figure 15 Block diagram of the blade grinding process 

 

 
Figure 16 View of a blade after grinding 
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Figure 17 Measurement report after grinding 

 
For the machined blade, the deviation from the desired 

shape should not exceed ±0.05 mm at each measuring 
point. The presented results of experimental work show 
that the robotized grinding process of the blade ran 
correctly. For comparison, Fig. 18 shows the results of 
measuring the geometry of another blade, which was 
machined at a given constant grinding force at all points of 
the blade. This force was determined on the basis of the 
average allowance calculated on the basis of allowances at 
all measuring points of the blade. 
 

 
Figure 18 Measurement report after grinding for constant grinding force 

 
It can be noticed that in this case there are areas on the 

surface of the blade in which the obtained dimensions do 
not fall within the given tolerance and the deviation is even 
−0.1 mm. This takes place in the areas with the smallest 
radii of curvature, which means that at a given grinding 
force there are the largest unit pressures, which cause 
removing more material than in areas with milder 
curvatures. 
 
5 CONCLUSION 
 

The approach presented in the work allows a blade to 
be machined in such a way as to adjust the contact force of 
the tool against a given surface fragment. This avoids a 
situation in which the contact force is constant over the 
entire surface, which would lead to too large losses or 
machining allowances of different areas of the surface. 

In the research, a set of experimental data was used to 
determine the relationship between process parameters 
such as the position of the work area of the blade, the 
contact force and the thickness of the collected material 
layer. The novelty of the approach presented is precisely 
its consideration of the work area of the blade as a decision 
variable. It turned out that this affects the relationship 
between the strength of the contact force and the removed 
machining allowance. The use of the generalization 
properties of the NN learned on the experimental data set 

allowed the generation of information allowing the value 
of the blade-tool contact force to be assumed in such a way 
as to ensure the grinding process met the imposed 
requirements. 

The presented solution is laboratory in nature and 
further work will be focused on automating the solution by 
integrating the NN in the robot controller, rather than on a 
separate computer. Further research will also concern the 
application of fuzzy systems in place of a neural network. 
This will allow the use of expert knowledge to solve the 
problem. 
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