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ABSTRACT 

A method of computer-aided design and manufacture of complex-shaped parts of machines and implants from difficult-to-

machine materials (titanium, cobalt-chromium alloys, zirconium dioxide, etc.) has been developed, based on the principles of 

building an integrated CAD/CAM/CAE system of computer-aided designing and a hierarchical intelligent numerical control system. 

It is shown that kinematical mechanisms created over the past several centuries do not allow reproducing with the required accuracy 

the joints movement of living organisms for their use in biomedical implantation technologies. Therefore, the worn out joints of 

living organisms are reconstructed by adding complex-shaped parts from these difficult-to-machine materials. Information about the 

geometric shape of these parts (3D model) at the pre-production stage is obtained using modern methods of computed tomography 

and magnetic resonance imaging, and at the production stage the actual location of the stock grinding allowance is measured by laser 

(or tactile) scanning. To reduce the unevenness of the position of the grinding stock allowance, the workpiece of a complex-shaped 

part before grinding is oriented in the coordinate system of a CNC machine based on the established criterion for minimizing the 

allowance. An example of such orientation of the gear workpiece is given. This workpiece is measured with a Renishaw tactile probe 

on the left and right sides of the gear valleys before gear grinding. Both the minimum allowance on the left and right sides of the 

valleys and the difference between them are determined, and then additionally the gear wheel blank is rotated in the appropriate 

direction to align these minimum values detected. In turn, the aligned minimum allowances, should be sufficient to compensate for 

the influence of technological factors from the previous operation and the error in setting the workpiece for this operation. For 

complex-shaped implants, such an additional orientation is performed, for example, according to algorithms for ensuring the 

minimax value of the allowance. 
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INTRODUCTION 

Parts of modern machines and mechanisms, as 

a rule, are a combination of the following external 

and internal “elementary surfaces”: planes, 

cylindrical, conical, threaded, toothed, and other 

surfaces. This is due to the functional features of 

these parts during their operation, namely the 

combination of linear and rotary movements. In turn, 

the numerous available metal-cutting machines that 

have gone through a long evolutionary period of 

development, no matter what machine we take 

(turning, milling, drilling, etc.), they are all designed 

for mechanized and automated mutual movement of 

the tool and workpiece along elementary trajectories 

(and/or their combinations). The above “elementary 

surfaces” also differ in complexity. For example, 

toothed and threaded surfaces contain grooves or 

gaps described by curves of the second order 

(threads) or trigonometric functions (tooth involute). 

As a rule, such trajectories are specified either by a 

© Larshin V., Lishchenko N., 2020 

complex profile of the cutting tool with its simple 

kinematic movements (copying method), or by a 

complex trajectory along which a tool with a simple 

shape moves (rolling method).  

The development of biomedical implantation 

technologies has made the task of making so-called 

restoration structures (assembling units) consisting 

of several parts. There are many articulations (joints) 

in living organisms: knee, hip, shoulder, wrisp, 

temporomandibular, spine, etc. They are all subject 

to aging and wear.  Human upper and lower jaws are 

filled with teeth which have different geometric 

shapes. They also wear out and need to be restored. 

For example, a dental implant with a crown attached 

used for a single tooth replacement. It contains an 

implant itself of titanium alloy, an abutment of 

plastic (as an adapter), and a complex-shaped form 

crown of zirconium dioxide. In this sequence of 

parts, the first two (implant and abutment) may be in 

the form of machine parts, while the third (crown) 

has a complex shape due to the tooth function 

(functionality) in a living organism, namely biting, 

chewing, aesthetics, etc. At the same time, the 

manufacturing and assembly technology is fully 
This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/deed.uk)
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consistent with that adopted for the manufacture of 

parts, mechanisms and machines.  

Any technology has the pre-production (process 

design), production itself (process implementation) 

and post-production (testing and maintenance) 

stages. For example, the pre-preparation stage 

corresponds to the surgical operation planning, the 

production stage – to the main medical (surgical) 

procedures, and the post-production stage (testing 

and recovery) corresponds to the healing stage in 

biomedical implantation technology. To the present, 

the specified stages of the product life cycle are 

automated and performed within the integrated 

system “Computer-Aided Design, Computer-Aided 

Manufacturing, and Computer-Aided Engineering” 

(hereinafter CAD/CAM/CAE). 

The complexity of implant surfaces is due to 

the functional difference between machine parts 

(machine elements) and natural origin components, 

which evolved in living organisms for millions of 

years before taking on modern forms that have been 

worked out by nature.  

Modern implantology, introducing new 

technical constructions when replacing natural 

biological structures (for example, self-tapping 

screws, pins, etc.), at the same time uses 

constructive forms developed by nature as a basis, 

for example, the hip and knee (Fig. 1) joint 

constructions. 

 

 
 

Fig. 1. The normal anatomy of a human knee 

(a) and an orthopaedic femoral implant unit (b) 
[Source: De Puy, Johnson & Johnson] 

 

Implants are made from materials that are 

difficult to machine; they, as well as machine parts, 

operate under conditions of high specific loads and 

are prone to wear.  That is why, difficult-to-machine 

metals and alloys are used for implants, for example, 

titanium alloys, cobalt-chrome ones, alloyed steel, 

zirconium dioxide, etc. 

Among other things, mechanical engineering 

technology includes abrasive machining for 

generation of the so-called complex-shaped part 

surfaces such as impeller’s blade, lead screw & nut  

thread, gear, and others surfaces, which are similar 

in complexity to the biomedical implant surfaces. 

These technical parts to be machined are referred to 

the complex-shaped parts and may be used both in 

machine-building, aviation, and biomedical 

industries, etc. At every point of the contact zone the 

grinding stock allowance changes as well as the 

depth of cut, the material removal rate, etc. This, in 

turn, leads to the grinding specific energy changing, 

as well grinding power, mechanical vibration, etc. 

During both the implants and machine parts 

finishing machining, which are made of difficult-to-

machine materials, the same technological 

difficulties arise. For example, increased local 

temperatures in the cutting and grinding zone lead to 

the structural and phase changes in the surface layer 

– grinding burns and cracks. The tempering burns 

reduce both the hardness of the ground part material 

and the part life as well. Secondary hardening burns 

violate the part surface integrity. They are 

unacceptable to the same extent as the tempering 

burns.  

These defects (burns and cracks) lead to the 

increased joint wear during its running and even its 

failure. In this regard, the problem of developing a 

defect-free technology for grinding the working 

biomedical implant surfaces is urgent scientific 

problem.  

To solve this problem, it is necessary to 

determine the current temperature in the grinding 

zone and limit its maximum value due to the correct 

choice of grinding parameters. That is why the 

temperature in the grinding zone is one of the main 

factors limiting the grinding performance. Grinding 

temperature mathematic models are needed for the 

designing and monitoring the grinding operation to 

boost the operation throughput. This is fully 

relevant, for example, for complex-shaped parts of 

the biomedical assembly unit. Once this 

technological problem is solved, it becomes possible 

to develop appropriate computer subsystems to 

optimize and control the grinding operation grinding 

machines with computer numerical control (CNC) at 

the pre-production and production stages. 

Thus, to increase the complex-shaped parts 

grinding productivity while ensuring the specified 

grinding accuracy and quality it is necessary to find 

technological resources and ways. One of the ways 

is the designing, monitoring, and diagnosing 

subsystems development which may be a part of an 

intelligent numerical control system and performs 

the process disturbance detection and process 

optimization. 

1. LITERATURE REVIEW 

The difference between technical mechanisms 

and mechanisms of natural origin becomes clear 
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from a comparison of the models of these 

mechanisms. For example, in work [1], three 

kinematic diagrams are shown using a planetary 

mechanism (Fig. 2), a four-bar hinged mechanism 

(not shown here) and a two-slide mechanism (not 

shown here). 

The known technical mechanisms only 

approximately reproduce the movements of the 
living biological organisms joints, since each of 

them only approximately provides the condition for 

the closing link δ = const (Fig. 2). 

 

Fig. 2. Artificial joint: δ is the closing link of 

the mechanism [1] 
Source: [1] 

Link 8 (Fig. 2) is attached with special spokes 

to the femur 7 and link 12 – to the tibia 13. Links 8 

and 12 are located outside the joint. Rigidly meshed 

gear sectors 5 and 4 is attached to links 8 and 12; the 

link 5 – to the link 8 and the link 4 – to the link 12. 

To ensure continuous engagement of the sectors 5 

and 4 and for the constancy of the distance between 

their axes, these axes B and C are connected by link  

9. The position of sector 4 is adjusted by moving the 

slider 10 relative to link 2 and by moving the link 2 

in the guide 11 of the link 12. 

Adjustment of the amount of “bending and 

unbending” of the mechanism is carried out by 

changing the length of the rods 3 and 3', moving 

them in the guides 1 and 6, respectively. The rods 

are interconnected by a spherical hinge, and the 

guides 1 and 6 are rigidly attached to the links 12 

and 8, respectively. The points of the articular 

surface of the tibia move along a cycloidal curve, 

which only approximately corresponds to the natural 

trajectory of movement. 

The difference in the shape of the working 

surface of the joints from the elementary geometrical 

one and the combination of elementary surfaces lead 

to the need for freeform abrasive machining [2] with 

standard cutting tools that work using well-known 

methods of copying and rolling. In this regard, a 

number of problems arise. Firstly, there is a need for 

preliminary orientation of the blank of a complex-

shaped part to reduce the unevenness of the position 

of the grinding stock to be removed. Secondly, it is 

necessary to choose the most suitable cutting tool, 

including the geometric shape and characteristics of 

the grinding wheel, which makes it possible grinding 

the surface of the implant blank made of difficult-to-

machine material, i.e., freeform surface. Further, the 

tasks of technological process and operations design 

arise including grinding operations. There is a 

known method of preliminary orientation of the 

complex-shaped part blank according to the criterion 

of the so-called minimax. Fig. 3 shows the position 

of the workpiece 1 and the part to be machined 2 in 

the original machine coordinate system when 

designing the control program in the CAM system 

[3]. 

 

Fig. 3. An example shows the search for the  

initial orientation of the workpiece [3] 
Source: [3] 

To bind the workpiece according to the 
traditional technology, it is location in the coordinate 
system so that a strict orientation is observed with 
respect to the machine guides using a special device. 
In this case, the actual position of the workpiece 
(binding of the control program) is determined by 
the coordinates of two dimensions: point 3 and point 
4. If the workpiece is installed on the machine 
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without aligning its position and without a special 
device, it may turn out that its actual position 5 does 
not ensure milling contour, since the control 
program corresponds to a position of the detail that 
extends beyond the workpiece. 

In order to allow machining of the part contour 
specified by the program and to fulfill the 
requirement of preserving the originally designed 
distribution of the allowance, it is necessary to set 
the coordinates of the offset of the control program 
along two coordinate axes and the rotation angle. 
Thus, the problem is reduced to the solution of the 
minimax problem: to find such a location of the part 
(control program) in the workpiece (its actual 
position), so that the maximum distance between the 
contour of the part and the workpiece is minimal. In 
this case, it is necessary to fulfill the following 
constraint: the entire part is located in the workpiece 
and does not go anywhere beyond it. 

In work [4], based on the analysis of works [5, 
6], [7], it is proposed grinding the arbitrary surfaces 
(or freeform surfaces) of implants on the basis of 
monitoring the grinding system state.  

Orthopaedic total knee replacements typically 
comprise a cobalt chrome femoral head component 
which articulates on a low-friction polyethylene 
platform resting on a cobalt chrome tibial tray  
(Fig. 1b). Such components are subject to high 
dimensional quality standards in order to ensure 
minimum wear and efficient transfer of load through 
the articulating surface when in vivo [5]. A multiple 
axis abrasive machining operation with electroplated 
toroidal-shaped CBN wheels is used for generation 
of the surface of the cobalt chrome femoral 
component. 

Such machining operations are often inefficient 
due to conservative choices of machining parameters 
which are based upon trial-and-error approaches in 
order to maintain workpiece surface integrity. 
Process monitoring can increase the performance 
and efficiency of machining through avoidance and 
compensation for process disturbances while 
information regarding the measured process 
quantities obtained with the monitoring system can 
also be used for optimizing the process [6, 7]. 
Femoral component in Fig. 4 has complex-shaped 
working surface which according to work [4] can be 
referred to the so-called freeform (arbitrary) surface. 

The work [4] notes that modern machine 
control systems allow open access to internal signals 
in the numerical controller providing the opportunity 
to measure and record these signals via the human–
machine interface. 

 

Fig. 4. An example shows an orthopedic  

femoral implant  
Source: https://www.medicalexpo.ru/prod/depuy-synthes/product-

79814-790762.html 

 

Recording of internal machine signals is a 

promising technique for process monitoring without 

unwanted interference within the machining 

envelope or structure and significant information can 

also be obtained from the power consumption of a 

spindle in a cutting process [8, 9]. Further, the 

authors of the work [4] describe the so-called 

position-oriented process monitoring in freeform 

abrasive machining including both engagement and 

specific energy analysis.   

However, work [4] does not say anything about 

the initial orientation of the workpiece before 

processing and how to use the information obtained 

to ensure effective grinding of a complex surface. 

For example, nothing is said about the grinding 

temperature. Although it is known that the 

determination of the specific work can be used to 

indirectly measure the grinding temperature and 

build the topography of the position-oriented 

temperature field. 

The positive qualities of the work [4] include 

the choice of the geometric shape (toric) and the 

grinding wheel (Fig. 5) characteristics (i.e., 

specifications). 

 

 
 

Fig. 5. Femoral implant machining setup and 

internal machine signal acquisition [4] 
Source: [4] 
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The design stage of the implant processing 

technology is critical and has a significant impact on 

the quality of the surgical operation, reducing the 

risk of possible complications. In this regard, 

CAD/CAM/CAE design technology is part of the 

development of a unified intelligent control system. 

To some extent, the beginnings of the intelligent 

systems theory had been developed by Saridis and 

his scientific school [10]. The Saridis’ theory may be 

thought of as the result of the intersection of the 

three major disciplines, namely (1) artificial 

intelligence, (2) operations research, and (3) control 

theory. The control intelligence is hierarchically 

distributed according to the so-called “principle of 

increasing precision with decreasing intelligence” or 

IPDI principle. Therefore, the Saridis’ management 

has a hierarchical structure and the accuracy of 

achieving the result increases when moving from the 

top level to the bottom one.  At the top level, for 

mechanical engineering area a fundamental 

technology is developed. It includes, e.g., the choice 

of shaping method, corresponding equipment, 

tooling, machining parameters, etc. At the bottom 

level, the fundamental technology obtained at the 

top level could be adjusted to take into account the 

individual characteristics of the components of the 

technological (i.e., process) system, but up to date 

there are no appropriate mechanisms for this. 

Such, hitherto not developed management 

corresponds to the way of the economy called by 

“Industry 4.0” in which the so-called 

CAD/CAM/CAE integrated system trend is now the 

state of the art scientific trend [11,12], [13, 14], [15].  

In the final part of the review, an analysis of the 

technology of multi-axis profile grinding on 

computer numerical control (hereinafter CNC) 

machines [16,17], [18,19] is carried out. The state of 

the art on determining the grinding temperature is 

analyzed. The existing possibilities of preliminary 

design of grinding operations and the subsequent 

implementation of these operations on CNC 

machines are shown. Some scientists have attempted 

to determine material removal rate for complex 

parts.  Specific material removal rate was calculated 

for five-axis grinding in a virtual machining 

simulation environment [20]. 

For achieving high material removal rates while 

grinding free formed surfaces, shape grinding with 

toroid grinding wheels is favored. The contact area 

between grinding wheel and workpiece is complex 

and varying [10]. Without detailed knowledge about 

the contact area, which is influenced by many 

factors, the shape grinding process can only be 

performed sub-optimally. To improve this flexible 

production process and in order to ensure a suitable 

process strategy a simulation-tool is being 

developed. The simulation comprises a geometric-

kinematic process simulation and a finite elements 

simulation. This paper presents basic parts of the 

investigation, modelling and simulation of the NC-

shape grinding process with toroid grinding wheels. 

The technical review [21] gives an overview 

about state of the art of five-axis grinding and 

presents results, which can close some scientific 

lacks. Models were developed to predict the surface 

roughness and material removal dependent on the 

process parameters. Additionally, the relationship 

between tool geometry, shape accuracy as well as 

contact conditions is discussed. The complexity of 

the tool path generation requires the use of 

computer-aided design/computer aided 

manufacturing (CAD/CAM) systems. 

There are two approaches to determining the 

grinding temperature. The first approach is the 

phenomenological one based on the Fourier 

differential equation of the thermal conductivity; this 

is analytical method of temperature determination 

[22, 23].  The second approach is the temperature 

field computer-aided simulation by the method of 

finite elements (FEM simulation) [24, 25]. 

The following monitoring functions are noted 

in grinding [26]: positioning of the grinding wheel, 

which is being balanced, relative to the workpiece; 

optimization of the stock removal by the grinding 

wheel taking into account its wear; the wheel 

overload control during workpiece processing and 

the wheel maintenance; positioning the grinding 

wheel relative to the dressing device; optimization of 

the dressing process. To do so, the grinding 

machines are equipped with sensors for cutting 

forces, spindle power, vibration, acoustic emission, 

etc. The measurement results are collected and 

analyzed to assess the characteristics both of the 

grinding system state and the grinding wheel. 

Acoustic emission sensors are used to prevent 

collisions, detect machine faults, chipping or surface 

defects of the grinding wheel, and defects of the 

control device [27, 28], [29].  

The sensors are easily integrated into the 

machine for the following purposes:  

1) controlling the grinding wheel approach to a 

workpiece and unprogrammed stops of the machine; 

2) air gap control, in which the acoustic 

emission sensor detects the distance between the 

grinding wheel and the workpiece;  

3) dressing control;  

4) checking the size and positioning.  

The sensors are located at the points of the main 

emission of the signal, do not interfere with the 

rotation of the workpiece, which is positioned and 

measured. 
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It is noted that the grinding power can be used 

to reduce unproductive “grinding of air”, to prevent 

spindle overload and collision detection [30]. 

The possibility of using the acoustic emission 

signal to prevent grinding burns is noted in [6]. By 

means of neural networks the dimensionless size of 

a grinding scorch (burn) is formed. Burns are 

detected when the specified dimensionless value of 

the burn is exceeded. But unlike the power signal, 

the acoustic emission signal is an integral 

characteristic and this limits the use of acoustic 

emission sensors to diagnose burns with uneven 

allowance distribution. 

The power of profile grinding was measured in 

the “on-line” mode [31]. In this case, the calculated 

limit value of the power at which the burn appeared 

on the ground surface was previously calculated. 

The afterburning was determined by the Barkhausen 

method when the power limit was exceeded. The 

disadvantage of this approach is that the data on the 

power limit values meet certain processing 

conditions, it is not clear how the formula for 

determining the grinding power limit value is 

obtained, the number of grounded gears is not 

specified to establish the relationship between the 

root mean square value (quadratic mean) of the 

Barkhausen signal. In work [32], a portable power 

monitoring system with specially designed grinding 

analytical software was developed. The main 

software modules included signals acquisition, 

feature extraction and data calculation (grinding 

energy consumption and proportion included), and 

data analytical toolkit. Knowledge-based analytical 

tool was established through the correlation between 

grinding power/energy and grinding conditions. 

Real-time true power signals were monitored in 

a designed display window, which were also 

recorded in the storage file for further data 

extraction, calculation and analysis. Grinding peak 

power was plotted in a digital indicator, in which 

pre-warning peak power limit was manually set. 

Alert information (or alarm) will be generated when 

the grinding peak power exceeds the limit. This is 

able to prevent overload of the main spindle and 

detect collisions during grinding operations. 

The application of the developed power 

(energy) monitoring system and this model allows 

for the prediction of grinding regimes in which 

undesired burning can be avoided based on energy 

considerations. Furthermore, critical grinding 

conditions can be deduced to avoid grinding burns. 

The dependences of grinding power and 

specific grinding energy on material removal have 

been investigated. Specific grinding energy, which is 

measured in J/mm3, is energy consumption per unit 

of material removal.  

Large specific grinding energy indicates more 

energy consumption of material removal and worse 

performance of grinding wheel. Grinding wheel with 

higher specific grinding energy usually results in 

grinding burn (or high grinding temperature) and 

small G-ratio (the ratio of the volume of material 

removed to the volume of wear of the grinding 

wheel). It is an indicator to distinguish wheel 

performance. 

The application of the developed power 

(energy) monitoring system and this model allows 

for the prediction of grinding regimes in which 

undesired burning can be avoided based on energy 

considerations.  

Estimation of specific energy consumption is a 

good indicator to control the consumed energy 

during the grinding process is noted in work [33]. 

Consequently, this study develops a model of 

material-removal rate to estimate specific energy 

consumption based on the measurement of active 

power consumed in a plane surface grinding of 

C45K with different thermal treatments and AISI 

304. The specific energy consumption decreases 

with increasing material removal.  

Thus, to monitor the process of grinding a 

complex profile, it is advisable to measure the 

cutting power, since it is characterized by changing 

conditions of grinding at each point and 

predetermines the temperature field causing thermal 

damage. 

Knowing the grinding power and position 

signals, it becomes possible to determine the specific 

energy parameter, heat flux density, and, therefore, 

the temperature at each point of a complex profile. 

Literature review showed that biomedical 

implantology has a large number of unsolved 

problems and emerging difficulties associated with 

the manufacturing technology and finishing of 

implants from difficult-to-machine materials, 

namely titanium alloys, cobalt-chrome ones, alloyed 

steel, zirconium dioxide. 

The review shows that there is no information 

about the current grinding temperature in the 

existing computer systems for monitoring and 

process diagnostics on CNC grinding machines. This 

is due to the difficulty of measuring this parameter 

directly or at least indirectly. Therefore, to increase 

the productivity of the complex-shaped parts 

grinding while ensuring the specified accuracy and 

quality of processing it is necessary to find 

technological resources and ways to use the 

resources effectively which can be done on the basis 

of monitoring system which may be a part of an 

intelligent numerical control system and performs 

the process disturbance detection and process 

optimization. 
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The paper is referred to the area of 

technological processes and systems automation. At 

present, intelligent numerical control is the highest 

level of automation (after adaptive control). 

However, there is still no theory of intelligent 

systems that could be applied in mechanical 

engineering technology.  

Abrasive machining is used for the generation 

of freeform part surfaces such as impeller’s blade, 

lead screw thread, gear, biomedical implants, etc. 

These parts to be machined are referred to the 

complex-shaped parts and are used in machine-

building, aviation, biomedical industries, etc. At 

every point of the contact zone the grinding stock 

allowance changes as well as the depth of cut, the 

material removal rate, etc. This, in turn, leads to the 

grinding specific energy changing, as well grinding 

power, mechanical vibration, etc. 

Nowadays, the computer-aided designing, 

monitoring, and diagnosing are the means increasing 

the productivity of the grinding operation especially 

when complex-shaped parts grinding.  This is the 

bottom level of the intelligent control mentioned 

according to the Saridis principle.    

It was found that the mentioned finishing 

processing is performed on CNC machines with at 

least five controllable coordinates, which is 

associated with the need to orient the workpiece to 

ensure the relative position of the complex-profile 

workpiece of the implant to be ground and the 

grinding wheel. Since the grinding wheel has a 

certain diameter to ensure the cutting speed, on the 

one hand, and its contact with the workpiece has a 

certain extent (not a point), on the other hand, the 

most rational is the toroidal surface of the grinding 

wheel, which changes its position in relation to the 

complex-profile surface of the workpiece. The 

mutual position of the wheel and the workpiece is 

controlled simultaneously along several coordinates. 

The number of such coordinates, as a rule, does not 

exceed six degrees of freedom of the workpiece in 

space. There is a certain analogy in the complexity 

of positioning the implant with a similar complexity 

of movements during processing, for example, of the 

blade of a gas turbine engine on a multi-axis 

machining center with a spherical cutting surface of 

an end mill. As for the scheme of machining with a 

toroidal surface of a grinding wheel during position-

oriented machining, in this case there is an analogy 

with the machining scheme by ball end mill. 

Analytical solutions, according to the first 

approach, require some assumptions and do not 

allow accounting both the variable heat flux along 

the complex shape and the geometric shape with its 

dimensions, curvature, etc. Since each point of a 

complex profile is characterized by an individual 

instance allowance, therefore, a temperature field at 

each point is characterized by an individual heat flux 

density (the second kind boundary condition).  

Besides, the temperature field at each point is 

influenced by the adjacent points of the profile. 

The FEM simulation method, according to the 

second approach, is used to determine the 

temperature field in profile grinding taking into 

account even the forced cooling, movement of the 

contact area, variable heat flux along the complex 

shaped, surface geometric shape, etc. 

It is obvious that the first approach (analytical) 

has an advantage since it requires less time for the 

decision making. The second approach (FEM 

simulation) is more laborious and can be used to 

justify the first one. 

Efficiency of the abrasive machining process 

can only be achieved if a suitable process 

monitoring platform is available in order to process 

disturbance detection and process optimization. 

The use of CNC software control systems with 

an open architecture allows the monitoring function 

from the CNC controller to be realized. The use of 

modern grinding wheels with self-sharpening 

abrasive materials (mono-corundum, sol-gel 

corundum, ruby corundum) is another reason for 

automatic control of the machining process using a 

monitoring system. These wheels, as well as CBN 

wheels are valuable and must be used effectively. 

The relevance of the monitoring the grinding 

process is due to the receipt of tight tolerances and 

high-quality surface characteristics, it is ground with 

high-performance machining the parts of difficult–

to-cut materials (titanium alloys, cobalt-chrome 

alloys, alloyed steel, etc.). Moreover, the monitoring 

system may be connected in series to the CAE 

block. Then CAE is received the possibility of 

adjustment (training) taking into account the real 

results of monitoring and control (intermediate and 

final), which is performed on a working metal-

cutting machine. 

 

2. RESEARCH METHODOLOGY 

The analysis of literary sources made it possible 

to identify the following methodological issues 

related to the development of grinding technology 

for complex-shaped surfaces.  

1. The choice of technological equipment and 

accessories (fixtures, cutting, measuring and 

auxiliary tools), which allow providing physical 

access to all points of the complex surface being 

ground, as well as the ability to obtain information 

about the initial and current position of this surface.  

2. Solving the problem of the initial setting and 

basing of a complex-shaped part in the machine 
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coordinate system based on minimizing the 

unevenness of the grinding stock allowance position.  

3. Determination of grinding parameters taking 

into account the actual location of the allowance on 

a complex-profile part.  

4. Control (testing) of the part after grinding 

directly on the CNC grinding machine using the 

built-in measuring system and selective control on 

more accurate measuring equipment, for example, 

on a coordinate measuring machine (CMM).  

The fundamental solution to the problem of 

computer-aided design and production in accordance 

with intelligent numerical control at the production 

stage involves the use of an integrated 

CAD/CAM/CAE system. Let’s introduce some 

definitions. Firstly, a process as a technical and 

technological system is a set of elements that are 

located in time, i.e., in a time sequence of ordered 

actions, e.g., the sequence of operations, operation 

steps, working passes, etc. Secondly, a technological 

system is a construction (space structure), i.e. not a 

process, that is assembled by a technologist for the 

technological process (operation) duration. This 

structure (as a technical system-construction) is a 

collection of elements that are located in space 

(machine, fixture, cutting tool, workpiece). 

The modern understanding of CAD/CAM/CAE 

automation is considered taking into account the 

product life cycle, which contains a number of time 

stages, including product design (CAD), process 

design (CAM), and process systematic engineering 

calculations (CAE) with special computer software 

packages, as well as the product testing and the 

process assessing (Fig. 6). 

      
Fig. 6. Integrated system CAD/CAM/CAE in 

mechanical engineering technology 
Source: compiled by the author 

At the CAD stage of the product life cycle the 

product design is performed with computer packages 

(Compass, Solid works, AutoCAD, Inventor, etc.). 

According to Fig. 6 optimization of the product 

constructive parameters is carried out using the 

constructive systematic engineering calculations 

(ANSIS, MATLAB, etc.) of CAE-system 

(construction). 

At the CAM stage of the product life cycle, 

process design is performed with special computer 

packages (COMPASS Auto-project, Vertical, 

Mastercam, T-flex, etc.). According to Fig. 6 

optimization of the process parameters is carried out 

using the constructive systematic engineering 

calculations (COMSOL Multiphysics, MathCAD, 

MATLAB, etc.) of CAE-system (technology). It 

makes it possible to justify the adopted technology 

from the product quality assurance point of view, for 

example, the thermal fields and thermal stresses 

calculations in grinding to predict grinding burns 

and microcracks, etc.  

At the post-processor stage (Fig. 6) a control 

program for CNC machine is prepared to control the 

machine at the production stage. This is the stage of 

actual implementation of work, for the sake of which 

all the previous stages of the product life cycle have 

been completed.  

In accordance with the general systems theory 

methodology, the structure and parameters of the 

developed technological system are found based on 

the goal that must be achieved during the 

development and operation of this system. For 

multi-stage technological design processes at each of 

the intermediate design stages, there is an 

intermediate goal, the achievement of which is the 

task of these intermediate stages. Thus, a multi-stage 

design procedure corresponds to a “tree of goals”, 

the top of which is the ultimate (final) goal facing 

the developer of the technological system. 

The task of formalizing the design procedure 

lies in the multi-stage linking of intermediate goals 

and intermediate decisions made in such a way as to 

ensure the achievement of the ultimate (final) goal. 

In this sense, the design process is an object of 

control. The project developer (human or computer) 

is the governing body (regulator), and the 

developer's ultimate goal is to create a project in the 

form of a certain information model (Fig. 7).  

The decisions making by a developer are 

essentially control (regulatory) actions leading to a 

change in the structure and parameters of the 

designing technical system-process or technical 

system-construction. 

 

Fig.7. Computer-aided design process 

control system (pre-production stage) 
Source: compiled by the author 

At the stage of production preparation (Fig. 7), 

the controlling (estimating) values are economic 

indicators (productivity, technological cost, 

economic profit). The input reference for the design 

of a technological process as it applied, for example, 
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to mechanical engineering technology, is a drawing 

of a part with the corresponding requirements for 

dimensional accuracy and quality of the surface and 

surface layer. Further, there is a governing body 

(regulator) that makes a decision on the development 

of a technological process. Feedback (feedback loop 

in Fig. 7) allows you to identify the discrepancy 

between the requirements of the drawing at the input 

of the system and the estimated parameters of the 

part, which can be assumed with the accuracy of the 

information model of the created object (e.g., a part 

to be machined). In addition, at the stage of 

production preparation the information model of the 

future technological process is assessed according to 

the above economic indicators.  

If, for example, the technological cost of the 

created object (objective function) does not 

correspond to the specified value, then the design 

(creation of the information model) will continue. 

This relentless action will continue until an 

acceptable value of the objective function is 

achieved due to changes in the parameters and 

structure of the technological process being 

developed. Thus, with automated technological 

design, it is possible to optimize the creating 

technological process. 

At the production stage, the input reference 

entering in a closed loop system with feedback  

(Fig. 8) is the parameters obtained at the stage of 

production preparation. At the output of the system 

(Fig. 8) the actual technological indicators (for 

example, the parameters of accuracy and quality of 

the processed part) are recorded. 

 

Fig. 8. Process automatic control system 

(production stage) 
Source: compiled by the author 

An additional feature of the biomedical implant 

manufacturing technology is how to obtain infor 

mation about the required initial (individual for a 

given patient) shape of these parts at the design stage 

of the constructive structures of these parts (CAD) 

and at the design stage of their manufacturing 

technology (CAM). In the first case (CAD), the 

geometric description of the required implant part 

(drawing) is obtained on the basis of the patient's 

computed tomography data (reconstruction of an 

unworn joint based on the measurement of a worn 

out joint), in the second (CAM) – on the basis of a 

preliminary measurement of the manufactured billet-

casting. The second dimension (measurement of the 

workpiece) is caused by the imperfection of the 

method of manufacturing the workpiece, since 

during the production of this workpiece it is 

impossible to ensure the required dimensional 

accuracy and quality of the surface layer that are 

required according to the drawing of this part. 

Precision casting methods such as injection molding 

and centrifugal casting do not meet the requirements 

of the implant drawing. Measurement of the 

workpiece is done, for example, by laser scanning or 

using a Renishaw tactile probe.  

Billets for free-form parts with individual (non-

repeating) dimensions require additional machining, 

for example, grinding according to an individual 

control program. The above second measurement 

provides information for the individual orientation 

of the workpiece before grinding, based on the least 

uneven machining allowance. 

 The final stage of computer-aided design and 

manufacturing of complex-profile parts (both 

machine parts and implants) is the development of 

subsystems for designing, monitoring and 

diagnosing of the grinding operation in accordance 

with the diagram in Fig. 9.    

The grinding temperature is determined, for 

example, through the specific work of grinding, by 

solving the Fourier thermal conductivity equation 

under boundary conditions of the second kind. 

 

Fig. 9. Information subsystems for complex-

shaped parts including biomedical implants  

Source: compiled by the author 

The equation of thermal conductivity in the 

COMSOL Multiphysics window looks like 

       
p p

T
C C T Q

t


       


u q ,   

where: 
 
is the material density, kg/m3; pC is the 

specific heat capacity; J/(kg·°С), u  is the velocity 

vector, m/s; T is the temperature gradient, °С/m; 
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q  
is the heat flux vector, W/m2; Q

 
is the heat 

source power per unit volume, W/m3. 

The velocity vector can be written as 

x y zu u u u = i j k , 

where: 
xu , yu , 

zu  
are components of the velocity 

vector in the thermal conductivity medium, m/s; i , 

j , k are single vectors or orts in the Cartesian 

coordinate system. 

The temperature gradient T grad T∇  is a vector 

that is directed normal to an isothermal surface in 

the direction of temperature increase and is 

numerically equal to a temperature change per unit 

length, i.e. 

grad T
T

=
n




n

 
or T

T
=

n




n∇ , 

where: n  is the normal unit vector; ∇  is the vector 

differential operator, i.e. a symbolic vector that 

replaces the gradient symbol Т .  

In the Cartesian coordinate system, the T

gradient vector of the function Т denoted by as the 

following vector 

T
Т

x

Т Т

y z





 
    

 
 i j k∇ .  

Since n = i + j + k , then 

Т Т Т Т

n x y z

   
    

   
 i j k .

  

 

The scalar product of two vectors u and T  

can be written as 

x y z

Т Т Т
T u u u

x y z

  
  

  
u ∇

 , 

 

where 
xu yu

zu  
are the u vector projections on the 

corresponding coordinate axes x, y, z. 

The vector of the heat flux   

λ T  q ∇ . 

The scalar product of two vectors  and q  

2 2 2

2 2 2

Т Т Т

х y z

   
         

q = .              

The vector-scalar transformations carried out 

above explain the close agreement between 

analytical model and FEM simulation. The more 

elementary is the geometric shape of the profile 

being ground the closer will be the results of 

determining the temperature during analytical 

modeling and FEM simulation. In other words, 

during the FEM simulation at each point of the 

profile, the usual analytical model operates and the 

FEM simulation takes into account the “interaction” 

(mutual influence) of these “instantaneous” 

analytical models, i.e. takes into account the vector 

nature of heat fluxes and temperature gradient. 

When FEM simulating, any value of the heat flux 

can be set (and this will be taken into account) at 

each point on the surface, while in the analytical 

model the heat flux is either constant or equal to 

some average value. 

Thus, the use of the vector form for describing 

the temperature field in COMSOL Multiphysics 

program allows us to solve the problem of 

determining the temperature taking into account the 

influence of the geometric shape of the surface being 

ground. 

3. RESULTS 

The general approach to the development of 

automated grinding technology for complex-profile 

parts is shown below for profile grinding on a Höfler 

Rapid 1250 CNC machine. The grinding stock 

allowance parameters, characterize the grinding 

operation performance, namely the specific material 

removal rate w
Q  , and material removal rate

w
V 

through the grinding temperature studied above.   

The grinding stock allowance in contrast to that 

for flat surface and round grinding is an ambiguous 

characteristic of the thickness of the layer to be cut, 

due to the complex shape of the profile of the gear 

gap and its offset on the periphery of the gear. This 

leads to the dependence of the allowance on its 

location on the profile, on the direction of its 

measurement relative to the surface (perpendicular, 

vertical or horizontal in the coordinate system of the 

gear gap) and on the location of the gap on the 

periphery of the gear. 

When developing the technological process of 

manufacturing gears for each operation there is a 

normative (nominal) allowance provided by the 

technologist, in accordance with the technological 

process, including for tooth-forming operations: 

milling and grinding. The layer of metal removed 

during gear milling contains an overlap (extra 

material but not stock allowance) and a stock 

allowance (removed, respectively, by roughing and 

finishing mills). 

The stock allowance remaining for grinding is 

equidistantly positioned relative to the finished 

profile according to the drawing, i.e., is kept 

constant in the direction normal to the tooth profile. 

Equidistant stock allowance on parts of complex 

shape allows in the next heat treatment to provide a 

uniform layer of hardened material at any point of 

the complex profile. 

In this regard, there are two strategies to 

remove the grinding stock allowance: equidistant 

infeed and radial infeed of grinding wheel. In 
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practice, the strategy of radial infeed of grinding 

wheel is more widely used, based on the principle of 

operation “by the method of copying” due to simple 

movements of the machine. 

The method of initial orientation of the 

workpiece before grinding is to align the minimum 

values of the stock allowances on the left and right 

sides of the gear gaps [34]. For this, one of the gaps 

of the gear, moreover random (hereinafter the initial 

one), is placed in the measurement zone, and the 

gear wheel is preliminarily fixed on the faceplate. 

Then the gear wheel is aligned, i.e., the radial runout 

value is identified with controlled accuracy along the 

base surface of the gear wheel with an unlocked 

indexing disc. After that, the dividing disc is fixed, 

the measuring tips are inserted into the gap in the 

measurement zone, and by turning the faceplate 

relative to the dividing disc using the faceplate 

turning mechanism, and the allowance is leveled on 

both sides of this initial gap of the gear wheel. The 

setting of the reading device of the measuring units 

to the zero position is carried out according to the 

reference product, ground to the lower limit size of 

the tooth thickness. After measuring all the gaps on 

the recording device (printer), a combined diagram 

of the stock allowance distribution on the left and 

right sides of the controlled gear gap will be drawn 

(Fig. 10,a).  

The curves of the stock allowance distribution 

on the left and right sides of the teeth (Fig. 10,a) are 

labeled by “Left” and “Right”, respectively. From 

this diagram (Fig. 10,a) it can be seen that the value 

of the smallest stock allowance for grinding is a 

negative value min

L
z <0 (sector of the gap E). This 

means that for a given angular position of the gear 

wheel on the machine in the sector of the gap E, 

there will be “rough spots” on the left sides of the 

gaps, i.e., after finishing machining the grinding 

wheel will not touch these sides of the gaps. 

According to the allowance diagram (Fig. 10, 

a), the difference of the minimum stock allowances 

on the left and right sides of the gaps N= min

L
z - min

R
z   

is determined (the left side of the tooth is the right 

side of the gap and vice versa) and unfold the 

faceplate with the controlled wheel relative to the 

dividing disc in the direction of the side with the 

largest minimum stock allowance of the minimum 

ones. In the case under consideration, N = 0.09 mm. 

The reversal (correction) value is equal to the half 

difference of the minimum allowances, i.e. N/2 = 

0.045 mm. The turn value of 0.045 mm is recorded 

visually using the reading device of the measuring 

unit or automatically using a digital encoder (angle 

sensor). 

 
 

 
 

Fig. 10. The stock allowance distribution on 

the left (Left) and right (Right) sides of the teeth 

before (a) and after (b) making a correction to the 

angular position of the gear 
Source: compiled by the author 

 

After correcting the angular position of the 

controlled gear, the allowance is remeasured and 

recorded on both sides of its teeth, and a new 

combined stock allowance distribution diagram is 

constructed (Fig. 10,b). In this diagram, the 

minimum stock allowance will be aligned and equal 

to the smallest stock, i.e.,
 min

R
z  = 

min

L
z   (gaps B and 

E in Fig. 10). 

According to the new stock allowance diagram, 

adjusting gaps are determined, having 

simultaneously ground opposite sides of the teeth 

with the same grinding stock allowance. Here it is 

necessary to take into account the scheme of shaped 

gear grinding according to the copying method: 

grinding with two shaped wheels or grinding with 

one shaped wheel. When grinding with two different 

shaped wheels, the angular distance W is known. 

Knowing this distance, we find the adjustment gaps 
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C and D (Fig. 10b), which are located at an angular 

distance W. Simultaneously processed sides (with 

the same stock allowance on each side) of different 

adjustment gaps are marked on the gear, i.e. the 

markup is made. 

When grinding with one shaped wheel, the left 

and right profiles of which are in the same gap of the 

gear wheel (W = 0), the adjustment gaps are in sectors 

K and L (Fig. 10b). Of these two sectors, it is 

necessary to choose the one in which the adjustment 

gap is located closer to the intersection of the 

continuous curves “Left” and “Right”, for example, 

sector L is selected from two sectors K and L. 

If in the stock allowance diagram there are no 

simultaneously ground tooth gaps with the same 

allowance (it is caused by the discrete arrangement 

of the gaps, in contrast to the continuous trend of the 

stock allowance distribution), then the gaps that 

have simultaneously ground opposite sides of the 

teeth with the smallest difference in the stock 

allowance are selected as adjustment ones. 

After selecting the adjustment gaps, the 

difference S is determined between the largest stock 

allowance along the entire gear wheel in the gap and 

the stock allowance of the opposite sides of the teeth 

with an equal stock allowance of the adjustment 

gaps. The S value is equal to or proportional to the 

retraction value of the grinding wheel after 

orientation along it on the machine tool of opposite 

sides of the teeth with the same stock allowance for 

the adjustment gaps. Retraction of the grinding 

wheel by the value S from the sides of the teeth of 

the adjustment gaps prevents an increase in the 

depth of cut in the first pass in the sectors of the gear 

crown with the greatest stock allowance. 

For the two considered cases of the choice of 

adjustment gaps, i.e., grinding with two shaped 

wheels or one shaped wheel, the corresponding 

values of the indicated parameter are S1 and S2  

(Fig. 10b). The result of the implementation of the 

described method on a gear with 40 teeth on a 

Höfler Rapid 1250 machine is shown in Fig. 11 and 

corresponds to the described algorithm for aligning 

the minimum values of the grinding stock 

allowance. 

 

 

 

Fig. 11. The distribution of the grinding stock allowance along the tooth cavities of the 

gear wheel before (a) and after (b) additional rotation of the work piece around its axis 
Source: compiled by the author 
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Thus, the initial orientation of a complex-

shaped billet of a gear wheel is a special case of 

installing and basing a complex-shaped part. The 

system for measuring the stock allowance for this 

case is based on touching the tactile sensors of the 

lateral sides of the gear gaps. After measuring the 

actual location of the stock allowance, it becomes 

possible to determine the grinding parameters taking 

into account the actual grinding temperature [35, 

36], [37, 38], [39, 40] and with using intelligent 

control systems [41, 42], [43, 44], [45, 46], [47]. 

CONCLUSIONS 

1. Based on the analysis of the principle of 

building an intelligent control system (according to 

Saridis), it was found that three levels of the 

hierarchy of an intelligent system correspond to 

three levels of the hierarchy of control, which 

(control), being a single one in a hierarchical 

intelligent system, involves the selection of the 

corresponding (three) control objects. At the top 

level of the hierarchy, the subordinate plant services 

of the enterprise organizational structure are the 

object of management. Such control is characterized 

by the term “management” and corresponds to the 

domestic level of “production organization”. At the 

middle level of the hierarchy, “adaptive control” 

takes place, when the structure and parameters of the 

machining process system are developed based on 

the potentially available process equipment means 

and the technological requirements of the suppliers 

of these means. At the lowest level of the hierarchy 

of an intelligent system (the level of a CNC machine 

tool), there is automatic control (open and closed) 

and, therefore, control is characterized by the terms 

“regulation”, “stabilization”, “program and/or 

tracking control”. 

2. A new scientific statement on the “quality of 

a technological operation” has been formulated, 

under which (quality) it is proposed to understand a 

set of three criteria: the material removal rate 

(operation productivity), the quality of the part 

which have been machined (part quality), the labor 

intensity and the technological cost of the operation 

(operation efficiency). 

3. Based on the general control theory for 

systems with negative feedback, a mechanism for 

making technological decisions at the stages of 

production preparation and production itself is 

shown. At the stage of production preparation (pre-

production), a project of the future technological 

process (information model) is created, and at the 

stage of production itself, the created project is 

additionally improved achieving the set goals and 

taking into account the existing disturbances that 

cannot be taken into account in the production 

preparation stage.  

4. It is shown that production management is 

based on a hierarchical (i.e., multilevel) decision-

making principle, which follows from the multi-

stage design processes and automation of the 

corresponding technological solutions. At the same 

time, intermediate goals correspond to intermediate 

solutions. The “tree of intermediate decisions” 

corresponds to the “tree of intermediate goals”.  

5.  The new provisions for the automation of 

technical systems (processes and constructions) 

developed in the paper are universal in nature, 

regardless of the specifics of production processes 

(mechanical engineering, food industry, medicine 

and pharmaceutics, etc.) and can be used in the 

development of intelligent control systems covering 

the stages of production and its preparation. 

6. The main reasons for designing and 

implementing industrial automation, e.g., CNC 

machines, robotized complexes, flexible 

manufacturing systems and so on are the economic 

benefits of the systems. They include first of all 

greater productivity, which means a greater output 

and a lower unit cost on a smaller floor space. While 

automation requires fewer machine operators or 

none at all, the remaining staff (production 

engineers, computer programmers and maintenance 

engineers) has to be highly skilled. This requirement 

can be met by improving the quality of education on 

automation in higher educational institution with the 

account of the principles discussed in the paper.   

7. A principle of interpenetration of mechanical 

engineering and biomedical technologies is 

established in accordance with which the modern 

technologies of casting (melting), spraying and 

machining with a grinding wheel make it possible to 

improve clinical methods of prosthetics in dentistry 

and implantology, leaving them accessible to 

everyone, while improving the quality, and as a 

result, the products service life. 

8. The carried out vector-scalar transformations 

explain the close agreement between analytical 

model and FEM simulation in determining the 

grinding temperature. The more elementary is the 

geometric shape of the profile being ground the 

closer will be the results of determining the 

temperature during analytical modeling and FEM 

simulation. In other words, during the FEM 

simulation at each point of the profile, the usual 

analytical model operates and the FEM simulation 
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takes into account the “interaction” (mutual 

influence) of these “instantaneous” analytical 

models, i.e. takes into account the vector nature of 

heat fluxes and temperature gradient. When FEM 

simulating, any value of the heat flux can be set (and 

this will be taken into account) at each point on the 

surface, while in the analytical model the heat flux is 

either constant or equal to some average value. 
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АНОТАЦІЯ 

Розроблено методику автоматизованого проектування і виготовлення складно-профільних деталей машин і 

імплантатів з важкооброблюваних матеріалів (титан, кобальто-хромові сплави, діоксид цирконію та інші), яка заснована на 

принципах побудови інтегрованої CAD/CAM /CAE системи автоматизованого конструкторського і технологічного 

проектування та ієрархічної інтелектуальної системи управління. Показано, що кінематичні механізми, які створені 

протягом декількох останніх століть, не дозволяють відтворювати з необхідною точністю рух суглобів живих організмів для 

застосування їх в біомедичних технологіях імплантації. Тому, зношені суглоби живих організмів реконструюють, додаючи в 

них складно-профільні деталі із зазначених важкооброблюваних матеріалів. Інформацію про геометричні формі цих деталей 

(3D модель) на етапі підготовки виробництва отримують за допомогою сучасних методів комп'ютерної та магнітно-

резонансної томографії, а на етапі виробництва фактичне розташування припуску на шліфування визначають лазерним (або 
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тактильним) скануванням. Для зменшення нерівномірності розташування припуску заготовку складно-профільних деталей 

перед обробкою орієнтують в системі координат верстата з ЧПК виходячи з встановленого критерію мінімізації припуску. 

Наводиться приклад такого орієнтування заготовки для деталі типу «колесо зубчасте». Цю заготовку перед 

зубошліфуванням вимірюють тактильним датчиком Renishaw по лівій і правій сторонах западин зубчастого колеса. 

Визначають мінімальний припуск по лівій і правій сторонах западин, знаходять різницю між ними, і додатково повертають 

заготівку зубчастого колеса у відповідному напрямку для вирівнювання цих мінімальних значень припуску. Вирівняні 

мінімальні припуски, в свою чергу, повинні бути достатні для компенсації впливу технологічних факторів від попередньої 

операції і похибки установки заготовки для даної операції. Для складно-профільних деталей імплантатів, таку додаткову 

орієнтацію виробляють, наприклад, по алгоритмам забезпечення минимаксного значення припуску.  

Ключові слова: шліфування; імплантати; проектування; моніторинг; діагностика; шліфувальний круг  
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АННОТАЦИЯ 

Разработана методика автоматизированного проектирования и изготовления сложнопрофильных деталей машин и 

имплантатов из труднообрабатываемых материалов (титан, кобальтохромовые сплавы, диоксид циркония и другие), 

основанная на принципах построения интегрированной CAD/CAM/CAE системы автоматизированного конструкторского и 

технологического проектирования и иерархической интеллектуальной системы управления. Показано, что технические 

механизмы, созданные на протяжении нескольких последних столетий, не позволяют воспроизводить с требуемой 

точностью движение суставов живых организмов для применения их в биомедицинских технологиях имплантации. 

Поэтому, изношенные суставы живых организмов реконструируют, добавляя в них сложнопрофильные детали из 

указанных труднообрабатываемых материалов. Информацию о геометрической форме этих деталей (3D модель) на этапе 

подготовки производства получают при помощи современных методов компьютерной и магниторезонансной томографии, а 

на этапе производства (фактическое расположение припуска на шлифование) – лазерным (или тактильным) сканированием. 

Для уменьшения неравномерности расположения припуска заготовку сложнопрофильной детали перед обработкой 

ориентируют в системе координат станка с ЧПУ исходя из установленного критерия минимизации припуска. Приводится 

пример такого ориентирования заготовки для детали типа «колесо зубчатое». Эту заготовку перед зубошлифованием 

измеряют тактильным датчиком Renishaw по левой и правой сторонам впадин зубчатого колеса. Определяют минимальный 

припуск по левой и правой сторонам впадин, находят разность между ними, и дополнительно поворачивают заготовку 

зубчатого колеса в соответствующем направлении для выравнивания этих минимальных значений.  Выравненные 

минимальные припуски, в свою очередь, должны быть достаточны для компенсации влияния технологических факторов от 

предыдущей операции и погрешности установки заготовки для данной операции. Для сложнопрофильных деталей 

имплантатов, такую дополнительную ориентацию производят, например, по алгоритмам обеспечения минимаксного 

значения припуска  
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