
 

 

Abstract—The article considers the concept of additive 

manufacturing in engineering and enterprise development 

control. It describes modern methods of two-dimensional, 

three-dimensional integral-matrix analysis. It presents the 

capabilities of 4D modeling in the “Market-Technology-Product-

Time” space using additive manufacturing as exemplified by the 

development of electric machines manufacturing technologies. 

According to the developed algorithm, we made calculations 

to determine the priority of solving operational tasks and 

achieving strategic objectives in the implementation of additive 

manufacturing of 4D modeling in the “Market-Technology-

Product-Time” space as exemplified by electric machines. An 

analysis has shown that the improvement of the electric 

machines manufacturing technology requires the greatest 

attention and support. 

It is concluded that the use of models of four-dimensional 

modeling in the “Market-Technology-Product-Time” axes 

allows us to systematize expert estimates for determining the 

directions of development of research objects, both in the 

current period and at a long-term forecast.  

 
Index Terms—Technological development, modeling, additive 

manufacturing, electric machines, integrated matrix analysis 

 

I. INTRODUCTION 

DDITIVE Manufacturing (AM) is a technology of layer-

by-layer manufacturing of an object, when each 

successive layer of a substance is added to the previous one, 
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forming an intended shape. Thus, additive manufacturing in 

engineering is associated with the build-up of a material in 

the process of manufacturing a product, in contrast to the 

usual “cut-off” [1]. 

The main element in the process of using additive 

manufacturing is 3D modeling and printing, which have been 

recently dynamically developing. 3D printing is used in 

imposition planning and modeling, prototyping. When creating 

models printed on a 3D printer, the number of cycles of their use 

is 1, but there are models used repeatedly, thereby reducing 

material costs [15]. 

We can outline a number of advantages that are available 

in the process of using additive manufacturing in the 

production environment [13]: 

– ability of expanding the product range; 

– acceleration of R&D and solving preproduction 

problems; 

– saving time spent on product manufacture; 

– improvement of performance indicators (economy and 

cost reduction). 

Additivity is a type of relationship between any whole and 

its parts, in which the properties of the whole are completely 

determined by the properties of the parts [11]. It can also be 

said that additivity is a property of quantities lying in the fact 

that the value of a quantity corresponding to an entire object 

is equal to the sum of the values of the quantities 

corresponding to its parts. In any case, this is a summation in 

one or another form. 

II. ADDITIVE MANUFACTURING IN THE ENTERPRISE 

DEVELOPMENT MANAGEMENT 

The primary and generally accepted direction of using 

additive manufacturing is the production environment, 

additive manufacturing in engineering. However, such key 

property of this direction as a summation of the properties of 

parts to find integral characteristics of the whole object can 

be adapted for application in the management environment [4]. 

These technologies can be used in methods of assessing 

the potential of an organization, the effectiveness of systems, 

as well as development directions, for example, a new 

product. 

To assess and choose a direction of the development of 

both the product and socio-economic objects, we used an 

integrated matrix analysis [9]. This analysis is based on 

defining the mutual relationship between the consumer 

requirements (CR) and the object characteristics (OC), 
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ensuring a compliance with these requirements. At the same 

time, the internal connection between the individual 

characteristics is taken into account. All the estimates are 

made in a numerical form by a group of experts, consisting 

of specialists in various fields of activity [3]. This modeling 

has features of additive manufacturing, since an expert 

estimate of these requirements and characteristics after a 

special mathematical processing allows us consider the 

market requirements “layer-by-layer” by their priority, and 

also “to build up” the characteristics ensuring the fulfillment 

of these requirements with their ranking according to special 

procedures. The characteristics can “be built up” both in 

“width”, increasing the number of chosen characteristics 

during the primary ranking, and in “depth” deciphering the 

main calculated characteristic at the second level: secondary 

ranking. Using the language of additive marketing, such 

“layer-by-layer production” of a socio-economic object 

allows us to choose its development direction based on 

collegiate estimates in more detail [6].  

A two-dimensional integrated matrix analysis (IMA) is 

based on determining the mutual relationship between 

general consumer requirements and general supporting 

characteristics of the first level, taking into account the 

internal correlation between the characteristics. In this case 

it is possible to rank the characteristics of the second level 

for a detailed implementation of the chosen main 

characteristic of the first level [9], [10]. 

In a three-dimensional analysis, influencing factors or 

CRs to a product can be understood as strategic objectives 

that are applicable both to the market, to technologies and 

the product [8].  

Operational tasks can be defined as market functions 

(technology, product) dependent on strategic objectives [8], 

[7]. Thus, we build two three-dimensional diagrams: of a 

strategic product development within the three axes (Market-

Technology-Product) and of an operational solution of the 

tasks by the said development in the same coordinate axes 

(Fig. 1). The relationships between the spatial diagrams are 

realized through the IMA tool [2]. 

 

 
Fig. 1. Spatial axes of strategic objectives and operational tasks to be 

solved for achieving the set objectives. 

 

In 3D IMA, we set the market, technology, product 

development strategy (as an argument in each plane) and 

through the coupling coefficients using the IMA method we 

determine the operational tasks to be solved in each plane 

(as functions) [14]. 

Each indicator (Market, Technology, and Product) acts in 

the same plane as an argument (strategic development 

objectives) and in another plane as a function (short-term 

tasks).  

Thus, the following logical connection is ensured [12]: 

In the development strategy. 

1. The market development preconditions a long-term 

change in the product parameters. 

2. The change (requirement) of the product parameters is 

related to the capabilities (development) of the technology. 

3. The market demand in the long-term period is 

associated with the development of technologies. 

In the short-term period. 

1. The current market needs are realized by the product 

parameters. 

2. The product indicators relate to the current capabilities 

of technologies. 

3. The market demand causes the development of 

technologies. 

In each “Market”, “Technology”, “Product” group, there 

are several objectives (solvable tasks) that must be achieved 

as a result of certain operations. The list of these objectives 

(5 objectives are arbitrarily taken in each group) is quite 

universal, but their priority over time, when moving from 

operational tasks to the strategic development, changes. 

Thus, a list of objectives is drawn up by the groups: 

Market (1...5); Technology (1...5); Product (1...5). 

The expert scoring establishes the priority of long-term 

objectives (the object development strategy), as well as their 

connection with the objectives in the neighboring groups and 

between each other in one group. 

An analysis of the objectives by each axis (group) is 

carried out using expert estimates and compilation of a 

vector diagram based thereon. The analysis reveals the main 

priorities that determine the product demand in the market. 

The stage of product positioning in strategic development, 

we assess the level of satisfaction of each market 

(technology, product) requirement to the existing position 

before project changes of Рbi.  

Then, a list of target values is formed in score points for 

each direction of development of Рpri, which, from an expert 

point of view, a new product must have in new market 

conditions and with new technologies.  

The target values that do not need any changes are 

assumed to be equal to the base value: 

         PР bipri .         (1) 

Other target values are assumed higher than the base ones 

         PР bipri .         (2) 

The evaluation of the weight indicators of the strategic 

development directions takes into account both their base 

state and the necessary degree of improving each direction in 

the project. The improvement degree is calculated by the 

formula 

P/PК bipriрi .         (3) 

Further, we determine the rating of each direction along 

each axis separately in the total score of all the project 

changes 

         P/PR pripricri .         (4) 

Here, the weight Vтпi of each project objective is also set 

along the axes 

  RKV mnipimni .        (5) 
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Then, we determine the sum of the weights of the project 

objectives ΣVтпi and the share of each weight of the 

objective Vтпi(ru) in the total sum 

   V/VV mnimni)ru(mni .      (6)  

The weight indicators are used to determine the priority 

ranking of implementing the strategic development 

objectives and, according to the maximum weight, choose 

the priority ones to be implemented in each direction. 

Let Ys represent the axis of strategic (long-term) market 

development objectives. Then, Ysi represents the i-th 

objective of this development. Analogously, for the 

technology Xs –> Xsi and the product Zs –> Zsi. Let us 

exemplify arbitrarily by i = 1…5.  

Each strategic objective, as such (nominally), along each 

axis (Market, Technology and Product) is determined 

collectively. The priority ranking of implementing the 

strategic objectives is calculated using a special 

methodology based on expert scores and their increments 

from the base value of each objective score to the strategic 

(project) “ΔPi”. In this case, both the increment of score 

points and their initial and final values are taken into 

account. 

Axes of states in the operational (short-term) period: 

– Yо represents the axis of operational (short-term) market 

development objectives. Then, Yоi represents the i-th 

objective of this operational development; 

– Xо represents the axis of technological capabilities in the 

operational (short-term) period. Then, Xоi represents the i-th 

technology indicator in the short-term period; 

– Zо represents the axis of product indicators in the 

operational (short-term) period. Then, Zоi represents the i-th 

product indicator in the short-term period. 

Each strategic objective (technological capability or 

product indicator) along each axis is nominally reflected in 

the short-term (operational) period. I.e., Yo = Ys; Xo = Xs; 

Zo = Zs according to the list of indicators. However, the 

priority ranking of the indicators along each axis in the 

strategic and operational periods will be different. This is 

ensured by the coupling coefficients both between different 

axes, and between different indicators within each axis. 

The mutual relations between operational and strategic 

factors of different axes are taken into account by the 

coupling coefficients (Fig. 2): 

– Kyixj represents the numerical coupling coefficient 

between the i-th market indicator (Y-axis) and the j-th 

technology indicator (X-axis). 

– Kxizj represents the numerical coupling coefficient 

between the i-th technology indicator (X-axis) and the j-th 

product indicator (Z-axis). 

– Kziyj represents the numerical coupling coefficient 

between the i-th product indicator (Z-axis) and the j-th 

market indicator (Y-axis). 

In addition to the mutual relations between the operational 

and strategic objectives of different axes, individual 

coefficients take into account mutual relations between the 

individual indicators of each operational axis, as shown in 

Fig. 3 and Fig. 4, for example, for the first and the fifth 

factors of the operational market axis (Yo). 

 

 
 

Fig. 2. Three-dimensional diagram of strategic and operational objectives 

of the market, technology and product with coupling coefficients. 

 

 
 

Fig. 3. Connection between the first and other 4 factors related to the 

operational market axis. 

 

 
 

Fig. 4. Connection between the 5-th and other 4 factors related to the 

operational market axis. 
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The following designation is taken in Fig. 4: 

Kyiyj represents the numerical coupling coefficient between 

the i-th and j-th market indicators in the operational period 

(Yo-axis). 

Thus, the development strategy is determined by the 

relations both between the factors inside the three-

dimensional space and between the axes indicators. 

III. APPROBATION OF THE MODEL OF ADDITIVE PRODUCT 

DEVELOPMENT MODELING 

Let us consider the capabilities of 4D modeling in the 

“Market-Technology-Product-Time” space using additive 

manufacturing as exemplified by the development of 

electrical machine manufacturing technologies [16]. 

As it is known, an electric machine is an 

electromechanical energy converter based on the phenomena 

of electromagnetic induction and the Ampere force acting on 

a conductor with a current in a magnetic field [5]. 

The operation of an electric machine as an 

electromechanical converter is based on the interaction of 

magnetic fields created by various elements of the machine. 

If the machine converts electrical energy into mechanical 

work and heat, the electric machine is an electric motor. If 

the machine converts mechanical work into electrical energy 

and heat, the electric machine is an electric generator. The 

reversibility principle is fulfilled for electric machines, when 

one and the same machine can act as an engine, a generator 

or an electromagnetic brake. 

In general, the technology of designing and creating 

material objects or services includes advancing an idea of a 

product, for example, an electromechanical converter 

(electric machine) operating from any energy source and 

simple enough in production and repair. The demand for 

such product by potential consumers is preconditioned by a 

wide range of applications of electromechanical converters. 

The consumer qualities of the new electric machine can be 

ensured by the use in its production of modern, including 

additive, technologies and materials, the characteristics of 

which are closely related to the specific operation of the 

object.  

The development of computer technologies has led to 

revolutionary changes in the design of electrical machines 

from analytical calculations to numerical and visual 

modeling of structures and characteristics. It significantly 

saves material resources of all levels in the development and 

manufacture of new types of electric machines. At the same 

time, the choice of manufacturing technologies is widening: 

the transition from electrotechnical steel sheets to new 

materials that meet the specific requirements of 

electromechanics and potential use of additive 

manufacturing. 

The fields of application of each electric machine 

stipulate the requirements thereto, which cannot but 

influence their development. Let us imagine, as an example, 

possible directions of the development of electric machines 

in three axes, in the strategic and operational periods (an 

arbitrary time range). We arbitrarily limit their number along 

each axis by five factors. We also note that these studies 

concern the general directions of the development of electric 

machines. 

Market: 1. Operational flexibility of the device. 

2. Product value. 3. Repairability. 4. Universality of the 

power supply by the voltage type and value. 5. Efficiency of 

energy conversion. 

Design, manufacturing and repair technology: 

1. Energy to output ratio. 2. Labor to output ratio. 

3. Production automation. 4. Ability to quickly reconfigure 

the production. 5. Design automation. 

Product: 1. Small scattering of passport data and real 

technical characteristics. 2. High controllability at optimum 

dimensions. 3. Adaptation to the place of use. 

4. Environmentally friendly disposal. 5. Safety of operation. 

According to the developed algorithm, we made 

calculations to determine the priority of solving operational 

tasks and achieving strategic objectives when implementing 

additive 4D modeling technologies in the “Market-

Technology-Product-Time” space as exemplified by electric 

machines. The calculation results are presented in Table I 

and Table II. 
TABLE I 

SCORING OF THE STRATEGIC CHANGE IN THE KEY INDICATORS 

OF ELECTRIC MACHINES 

# of 

item 

MARKET development 

strategy (Ms) 
Base Project 

According to the 

10 point scale 

1 Operational flexibility of 

the device 6 9 1.86 

2 Product value 7 9 1.60 

3 Repairability 6 8 1.47 

4 Universality of the 

power supply by the 

voltage type and value 5 10 2.76 

5 Efficiency of energy 

conversion 6 10 2.30 

  

SUM TOTAL of the 

points  46 10.00 

# of 

item 

TECHNOLOGIES 

development strategy (Тs) 
Base Project 

According to the 

10 point scale 

1 Energy to output ratio 6 9 1.78 

2 Labor to output ratio 7 9 1.52 

3 Production automation 7 10 1.88 

4 Ability to quickly 

reconfigure the 

production 5 10 2.63 

5 Design automation 6 10 2.19 

  

SUM TOTAL of the 

points  48 10.00 

# of 

item 

PRODUCT strategic 

nature (Ps) 
Base Project 

According to the 

10 point scale 

1 Small scattering of 

passport data and real 

technical characteristics 7 9 1.75 

2 High controllability at 

optimum dimensions 5 10 3.02 

3 Adaptation to the place 

of use 6 8 1.61 

4 Environmentally friendly 

disposal 7 9 1.75 

5 Safety of operation 8 10 1.89 

 

SUM TOTAL of the 

points  46 10.00 
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TABLE II 

SCORING OF THE DEVELOPMENT OF THE BASIC INDICATORS OF ELECTRIC 

MACHINES IN THE OPERATIONAL PERIOD 

# of 

item 
Operational technologies (То) 

According to the 

10 point scale 

1 Energy to output ratio 1.81 

2 Labor to output ratio 2.11 

3 Production automation 2.24 

4 Ability to quickly reconfigure the 

production 1.92 

5 Design automation 1.92 

# of 

item 
Product nature (Pо) 

According to the 

10 point scale 

1 Small scattering of passport data and 

real technical characteristics 1.53 

2 High controllability at optimum 

dimensions 2.10 

3 Adaptation to the place of use 2.98 

4 Environmentally friendly disposal 1.65 

5 Safety of operation 1.74 

# of 

item 
Operational market characteristics (Mо) 

According to the 

10 point scale 

1 Operational flexibility of the device 1.93 

2 Product value 3.10 

3 Repairability 1.39 

4 Universality of the power supply by the 

voltage type and value 1.94 

5 Efficiency of energy conversion 1.64 

 

Thus, we set a strategy of the electric machines market 

development as an argument in each plane of the coordinate 

axes (Fig. 2) and define operational tasks that need to be 

solved in each plane as functions. 

Strategic objective –> operational support of the objective: 

1. “Market–Technologies” in the axes “Ys–Xo”. The 

strategic market requirements in terms of market 

functionality of electric machines should be provided 

(supported) by the availability of technological solutions in 

the short-term (operational) period. 

2. “Technologies–Product” in the axes “Xs–Zo”. The 

electric machine technology development strategy should be 

provided (supported) by the parameters of the products in 

the short term. 

3. “Product–Market” in the axes “Zs–Yo”. The strategic 

requirements to the product should be provided (supported) 

in the short term by the market environment with respect to 

electric machines. 

Scaling of the axes in view of the score rating of the 

indicators of the objectives and tasks allows us to obtain a 

scaled display of the obtained results of calculating the 

operational tasks, as shown in Fig. 5, and strategic objectives 

(Fig. 6). 

An analysis of the results of the first priority of the 

electric machine development allows us to make the 

following conclusions: 

1. The strategic objective of product development: high 

controllability at optimal dimensions received the maximum 

score (3.02). At the same time, the main operational task of 

product development, which supports the strategic 

objectives, is the adaptation to the place of use at the 

development stage. This task received 2.98 score points and 

is slightly inferior to the strategic objectives of product 

development. 

 
Fig. 5. Scaled three-dimensional analysis of priority operational tasks 

solved at the development of electric machines (the number of score points 

for this indicator is shown in the brackets). 

 
Fig. 6. Scaled three-dimensional analysis of priority strategic objectives 

solved at the development of electric machines (the number of score points 

for this indicator is shown in the brackets). 

 

2. The electric machine development strategy with respect 

to their application market lies in the universality of using 

the supply network (2.76 score points), which is supported 

on the market by the solution of operational tasks in terms of 

the cost of the applied converters in the product price (3.1 

score points). A comparative analysis points to a slight 

discrepancy between the strategic objectives and the 

operational tasks that are solved when the electric machines 

are sold on the market. 

3. The strategic objectives of the energy saving system 

development with respect to the technology lie in the ability 

to quickly reconfigure the production (2.63 score points). 

This is accompanied by the solution of the operational task 

in the part of production automation (2.24 score points). 

A consolidated expert analysis of the electric machine 

development has shown that the greatest attention and 

support are needed to the improvement of the electric 

machines production technology both in the short- and long-

term periods. The priority of solving operational and 
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strategic tasks is determined on the basis of the discrepancy 

between the score points of the strategic objectives and 

operational tasks, as well as on the basis of the absolute 

value of their scoring. 

The second most important implementation of the 

strategic objectives is to increase the electric machine 

efficiency factor, which should be accompanied by a 

reduction in the labor to output ratio and an increase in the 

safety of operation. 

As for the market positions of the systems under 

consideration, it can be concluded that their market 

functionality is almost entirely consistent with the tasks of 

increasing the universality of the supply network. It points to 

a balance between the strategic objectives of the market and 

the tasks to be accomplished in the first priority. 

An expert scoring has revealed that over time, the priority 

positions of certain characteristics may shift and be replaced 

with others. Thus, for example, the market factor “Product 

value”, having the first priority in the short-term period is 

shifted to the 4th place in the strategic period. The 

technological factor “Production automation” is shifted from 

the first position in the operational period to the third 

position in the long-term (strategic) period. The product 

indicator “Adaptation to the place of use” is shifted from the 

first place in the short-term period to the fifth place in the 

long-term period. 

IV. CONCLUSION 

An analysis of the results of the machine development 

forecast allows us to make the following conclusions: 

1. Development of new materials that allow us to use new 

additive manufacturing using the materials applied in 3D 

printers. 

Requirements to physical characteristics of the material: 

a) Cost of a material unit (powder). 

b) Manufacturability of the formation of the product 

(stator, rotor) from the powder. 

c) Mechanical strength of the product after its formation. 

d) Narrow hysteresis loop (low magnetic losses) in the 

finished product. 

e) High electrical resistance to eddy currents (low 

magnetic losses) of the product. 

2. The development of electronic power control systems 

for electric machines will improve the switching conditions 

of stator and rotor windings. Three-phase symmetrical 

sinusoidal power adapted to the rotor speed will ensure the 

creation of a reversible circular rotating magnetic field. For 

this purpose, it is necessary to develop compact electronic 

supply voltage converters of an acceptable cost and 

sufficient reliability. It will allow us to abandon such 

constructive element as a collector and to provide minimum 

sliding contacts. 

Thus, using the models of four-dimensional modeling in 

the “Market-Technology-Product-Time” axes, it is possible to 

systematize expert estimates for determining the directions of 

development of research objects, both in the current period 

and at a long-term forecast.  
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