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Abstract 

INTRODUCTION: Modern manufacturing operates under complex natural, economic, and political conditions. Small and 
medium-sized enterprises (SMEs), as the most flexible representatives of the engineering industry, must account for potential 
stress factors in their current and future development. Research indicates that enterprises must respond rapidly to such 
stressors to maintain competitiveness and stability in domestic and international markets. Management decisions to ensure 
SME resilience should adopt a comprehensive approach, considering economic indicators such as productivity, product 
quality, logistics, and cost, as well as social aspects like employee safety, workplace conditions, and resource-efficient 
technologies. 
This study develops and analyzes a mathematical model describing the impact of various stress factors on the stability of 
SMEs in the engineering sector under force majeure conditions. The research identifies key stressors, formulates a 
mathematical model to assess their influence on enterprise resilience, and evaluates the model’s effectiveness over time. The 
integral flexibility functional serves as the foundation for this model, incorporating market fluctuations, production costs, 
and force majeure impacts, including quarantine restrictions and enterprise relocation. 
To optimize this functional, the study employs the automated planning method PPLAN, which is rooted in artificial 
intelligence. This approach enables the generation of adaptive strategies to mitigate stress factors affecting SME stability. 
The findings reveal that relocation due to force majeure is the most detrimental factor, leaving minimal time for recovery 
actions, while demand fluctuations exert a more cyclical influence. The proposed methodology provides a structured 
framework for enhancing SME resilience in dynamic and unpredictable environments 
OBJECTIVES: The objective of this paper is to develop a mathematical model that quantifies the impact of stress factors on 
the stability of small and medium-sized enterprises (SMEs) in the engineering sector under force majeure conditions. The 
study aims to identify key external and internal stressors, construct a functional model based on the integral flexibility 
approach, and optimize enterprise resilience strategies using artificial intelligence-based automated planning. By analyzing 
the model’s effectiveness over time, the research provides a structured framework for enhancing SME adaptability and 
sustainability in dynamic and unpredictable environments. 
METHODS: The research employs techniques derived from social network analysis to model and analyze the stability of 
small and medium-sized enterprises (SMEs) in the machine engineering industry under stress and force majeure conditions. 
Specifically, the study uses a mathematical model that integrates stress factors like market demand and supply fluctuations, 
relocation, and quarantine restrictions. The optimization of this model is achieved through automatic planning methods based 
on the PPLAN approach, which enables the consideration of various anti-stress measures and their impacts on the stability 
of SMEs over time. Additionally, 3D technologies are identified as critical tools for enhancing the flexibility and adaptability 
of production processes during external stresses. 
RESULTS: The main results of this paper include the development of a mathematical model for analyzing the impact of 
stress factors on the stability of SMEs in the machine engineering sector. Additionally, optimizing the model using the 
PPLAN method demonstrated the effectiveness of 3D technologies in enhancing the adaptability and resilience of SMEs 
under force majeure conditions. 
CONCLUSION: This paper concludes that integrating 3D technologies and using the PPLAN optimization method can 
significantly improve the stability and adaptability of SMEs in the machine engineering sector during stress and force 
majeure events. 
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1. Introduction

Modern manufacturing operates in complex natural, 
economic, and political conditions, requiring enterprises, 
especially small and medium-sized enterprises (SMEs), to be 
highly flexible and adapt quickly to various stress situations. 
In machine engineering, where SMEs play a central role, it is 
crucial to consider short-term and long-term risks that may 
affect the company's stability. As research shows, the 
response to stress factors must be rapid; otherwise, it 
threatens not only the competitiveness in domestic and 
international markets but also the overall stability of the 
enterprise [1-3]. To ensure the sustainability of SMEs, 
management decisions must be based on a comprehensive 
approach to managing stress factors that directly impact key 
economic indicators: productivity, product quality, logistics 
costs, and cost of goods sold. However, in addition to 
economic aspects, it is also important to consider social 
factors, such as employee safety, comfortable working 
conditions, and the implementation of progressive resource-
saving technologies [4, 5]. In this context, particular attention 
should be given to modeling the management behavior of 
company leadership in the face of continuously changing 
stress situations, which defines the relevance of this study.  

2. Objective and Research Tasks

This study aims to develop and analyze a mathematical model 
that describes the impact of various factors on the stability of 
SMEs in the machine engineering industry under stressful 
and force majeure circumstances. 

To achieve this goal, the following tasks must be 
accomplished: 

- identify the main stress factors affecting the stability of
SMEs in the machine engineering sector; 

- discover the dependencies and formulate a mathematical
model of the influence of these factors on the stability of the 
enterprise; 

- analyze the developed mathematical model to determine
the level of impact of these factors on the stability of SMEs 
in the machine engineering industry over time. 

3. Research Tasks

One of the most discussed issues in modern scientific 
literature is ensuring the stability of enterprise development 
under the Industry 4.0 paradigm and the speed of changes in 
supply-demand dynamics on the market [5-7]. This is 
particularly relevant for SMEs. Market instability is a 
multifactorial phenomenon encompassing macroeconomic, 
political, technological, and social aspects. It directly affects 
the technological sustainability of SMEs, as resource 
constraints complicate the implementation of cutting-edge 
technologies. At the same time, fluctuations in raw material 
supply and market conditions create additional risks. SMEs, 
an essential component of economies contributing to job 
creation and innovation, often face competitive pressure from 
larger companies and international players, creating 
additional challenges in fluctuating market conditions [8]. 
Intense competition may force SMEs to adapt through the 
adoption of new technologies and organizational innovations 
as globalization and technological progress present new 
challenges [9, 10]. Furthermore, as studies show, process 
innovations are essential for maintaining SMEs' 
competitiveness during market fluctuations and improving 
operational efficiency in response to evolving external 
conditions [11, 12]. At the same time, market instability can 
reduce profit margins as competition becomes more 
aggressive and demanding, thus increasing the need for SMEs 
to focus on innovative strategies [13]. 

In work [14], the existing problems of relocating high-
tech enterprises (including those due to military actions) are 
analyzed, and a model for selecting a new location for the 
enterprise is proposed, taking into account conflicting 
indicators (long logistics chains, economic losses, alignment 
with component manufacturers, etc.). The model includes a 
multi-criteria optimization of supplier selection based on 
assessing the emergence of threats and the consequences of 
their actions related to disruptions in the enterprise’s logistics, 
which allows scientifically substantiated requirements to be 
formed for relocating a high-tech enterprise to a new location. 

In article [15], it is noted that many contemporary studies 
lack a clearly defined approach to forecasting enterprise 
productivity in relation to time and technological preparation 
of production. To address this gap, the paper analyzes time-
based system models aimed at improving technological 
preparation of production and enhancing enterprise 
sustainability. However, these models remain disconnected 
from actual market dynamics. 

The work [16] is dedicated to improving the 
competitiveness of Ukrainian enterprises, exploring ways to 
ensure market advantages for the enterprise amid new 
challenges in the global economy: globalization, the need for 
new knowledge and skills among staff, automation, and 

EAI Endorsed Transactions 
on Digital Transformation of Industrial Processes 

| Volume 1 | Issue 1 | 2025 |

https://creativecommons.org/licenses/by-nc-sa/4.0/
https://creativecommons.org/licenses/by-nc-sa/4.0/


Investigation of the impact of force majeure circumstances as a market instability factor on the flexibility and 
sustainability of engineering SMEs 

3 

computerization of production processes, etc. Some steps to 
increase the competitiveness of Ukrainian business entities 
are proposed. However, these studies focus solely on working 
with enterprise personnel and do not consider other factors 
necessary to ensure sustainable development, especially 
under force majeure circumstances. 

In work [17], an information software system is proposed, 
implementing a hierarchical model for solving dispatching 
and planning tasks in small-scale production. This system 
formulates a procedure for decision-makers and optimizes the 
potential order portfolio and execution deadlines. Despite the 
effectiveness of such planning, the system does not allow for 
quick and timely responses to force majeure situations and 
market changes. A more modern proposal is made in the work 
[18], where the authors use the relocation of the enterprise as 
a strategic decision affecting long-term profitability, thus 
requiring a benchmark model for its relocation as a basis for 
decision-making. In the study [18], a model for organizing 
the relocation of factories in global manufacturing enterprises 
is proposed, including phases for analyzing industrial 
conditions, planning the relocation, and implementation, as 
well as evaluating effectiveness. However, these studies, on 
the one hand, do not allow responding to market changes and 
force majeure situations, and on the other hand, the proposed 
model is only suitable for large enterprises without 
considering the specific features of SMEs. 

In work [19], the focus is on the relationships between the 
relocation of value chain modules and the competitive 
position of the company undergoing relocation. Both positive 
impacts of relocation on competitiveness (competitiveness of 
resources, improving competitive position, etc.) and negative 
ones are considered. 

Another problem in optimizing such complex integral 
functionalities is that traditional mathematical models are not 
maximally effective for solving decision-making tasks in 
stressful and force majeure situations, where a wide range of 
fuzzy parameters must be taken into account [20]. The most 
promising solution for optimizing such functionality seems to 
be the method of automatic planning, a branch of artificial 
intelligence, which works based on a preference system 
(known as PPLAN planning) [20,21]. The development of 
automatic planners based on hierarchical task networks 
(HTN) has been widely discussed [20,21,22]. In such 
automatic planners, expressing time constraints becomes 
possible through the use of simple temporal networks (STN). 
The value of such planners is that it allows for consistency 
checking of a simple temporal network and provides a 
convincing solution regarding the fulfillment of time 
constraints in the plan. 

Work [3] examines the factors that enhance the 
adaptability of SMEs in response to dynamic market 
demands. It considers the optimization of the integral 
functionality of SME flexibility using the PPLAN-based 
planning approach. This approach allows for the optimization 
of resource allocation, reduction of execution timelines, 
maintenance of productivity, and product quality, thereby 
ensuring the enterprise's sustainability. A unique flexibility 
approach to decomposition is presented, enabling SMEs to 
manage demand-supply fluctuations and stress challenges 

strategically. However, the operation of SMEs in conditions 
of demand and supply fluctuations in the market, as well as 
the impact of force majeure circumstances on the planning 
system, requires more detailed attention. 

4. Materials and methods

As noted in [3], in general, the mathematical process of 
ensuring the stability of an enterprise can be represented as 
an integral functional of flexibility^ 

𝐹𝐹𝑠𝑠𝑠𝑠(τ0) = � �𝜎𝜎𝑖𝑖
𝑇𝑇𝑜𝑜

0
⋅ 𝑊𝑊𝑖𝑖(𝑡𝑡;  τ0) 𝑑𝑑𝑑𝑑 → min;

 𝑃𝑃𝑃𝑃(𝑡𝑡) < 𝑃𝑃𝑃𝑃(𝑡𝑡)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
  (1) 

where 𝑊𝑊𝑖𝑖(𝑡𝑡) is a multifactorial function that describes the 
relevant factors influencing various aspects of the production 
process and the enterprise's ability to respond to current 
market changes; 𝜎𝜎𝑖𝑖 are the weighting coefficients that reflect 
the degree of influence of the corresponding function on the 
analyzed functional; 𝑃𝑃𝑃𝑃(𝑡𝑡) and 𝑃𝑃𝑃𝑃(𝑡𝑡)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  refer to the cost 
price and market price of the produced goods, respectively, 
τ0 – the initial state of the system. 

Changes in the main characteristics of the production 
process over time, triggered by shifts in external factors, were 
discussed in [3]. 

Let's consider stress factors affecting the sustainability of 
small and medium-sized enterprises (SMEs). Two groups can 
be identified: economic factors (such as changes in demand 
and supply of goods in the market) and factors related to force 
majeure, unforeseen circumstances (such as quarantine, 
military actions, and natural disasters requiring suspension of 
production or even the relocation of the enterprise to another 
region or country). While the first group of economic factors 
can be forecasted to some extent, the second group typically 
occurs suddenly and unexpectedly. In this case, the 
mathematical impact of these factors on the integral 
functional of flexibility can be considered a combination of 
individual integral functionals. 

Considering these stress factors, such as rapid changes in 
demand (𝛥𝛥𝐷𝐷𝑚𝑚𝑚𝑚(𝑡𝑡)) and supply (𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)) in the market 
(𝑠𝑠1�𝛥𝛥𝐷𝐷𝑚𝑚𝑚𝑚(𝑡𝑡), 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)� = 𝜉𝜉1�𝛥𝛥𝐷𝐷𝑚𝑚𝑚𝑚(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)�), as 
well as enterprise relocation and quarantine restrictions 
(𝑠𝑠2�𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡), 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)� = 𝜉𝜉2 ⋅ �𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)�), the 
stability of SMEs, which depends on its flexibility, will 
require additional analysis of these parameters. Thus, the 
integral functional of flexibility will have the form: 

𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡(τ0) = 𝐹𝐹𝑠𝑠𝑠𝑠(τ0) + � [
𝑇𝑇𝑜𝑜

0
𝜉𝜉1�𝛥𝛥𝐷𝐷𝑚𝑚𝑚𝑚(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)� + 𝜉𝜉2

⋅ �𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)�] 𝑑𝑑𝑑𝑑 → min,   (2) 

where 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡) - changes in costs and supply chain 
connections due to relocation; 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡) indicates changes in 
costs associated with quarantine at the enterprise or in the 
country; 𝜉𝜉1 and 𝜉𝜉2 are coefficients that show the impact of 
force majeure circumstances on the flexibility of SMEs and 
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can be defined as constants that quantitatively assess the 
influence of various force majeure conditions on the overall 
flexibility level of the enterprise. 

An automatic planning method was used to optimize the 
proposed integral functional, a branch of artificial 
intelligence that operates based on the planning method based 
on preferences - PPLAN planning. This method allows the 
optimization of SMEs' overall integral flexibility functional, 
considering the variability of solutions, to mitigate the 
impacts of stress factors on the enterprise's stability over time. 
A set of atomic tasks is generated upon completion of the 
planning process, representing a structured plan to ensure the 
SME's sustainable operation under uncertain conditions. 
These tasks typically include the reallocation of production 
resources between technological nodes, the dynamic 
reconfiguration of supply chains through the selection of 
alternative suppliers or logistical routes, the updating of 
digital production models (digital twins), the adaptation of 
process parameters to altered environmental or material 
conditions, the initiation of staff retraining procedures to 
match updated operational requirements, as well as the 
implementation of temporary technological or logistical 
support mechanisms. The systematization and sequential 
execution of such atomic tasks contribute to the formation of 
an adaptive scenario that increases the resilience of SMEs in 
the face of abrupt changes in demand and/or supply, forced 
partial or full relocation of production facilities, or other force 
majeure circumstances. 

Figure 1 presents the result of applying this method for 
the normalized analysis of SME behavior under external 
stress caused by market changes: demand fluctuations, supply 
instability, forced enterprise relocation, and quarantine 
restrictions, which serve as destabilizing triggers for the 
enterprise's stability. In this context, «normalized» refers to 
transforming raw input data into dimensionless values using 
a min-max normalization technique. This approach scales the 
data within a predefined range (usually between 0 and 1), 
consistently comparing various stress factors. The 

normalization process allows for the relative evaluation of the 
impact of different stressors on SME stability, making it 
easier to interpret the enterprise's dynamic response to these 
external challenges. 

Each curve in Figure 1 reflects the magnitude and 
direction of variation of a specific external parameter within 
a normalized range from –1 to 1. These values characterize 
the time-dependent dynamics of the stressors rather than their 
direct impact on enterprise stability. The purpose of this graph 
is to enable a comparative assessment of the timing, intensity, 
and frequency of changes in external conditions. This 
visualization serves as the foundation for evaluating the 
influence of these stressors within the overall integral 
flexibility functional, allowing further computational 
modeling of the SME’s adaptive behavior under stress. 

Based on the fact that time is a key control parameter in 
the stability and flexibility of small and medium-sized 
enterprises (SMEs), the task was set to determine the impact 
of the time component in ranking stress factors on SME 
stability. It was identified that stress caused by the relocation 
of an enterprise due to force majeure circumstances (such as 
military actions) is the most harmful and fleeting and does not 
leave a «relatively adequate» time frame for anti-stress 
measures to restore the enterprise’s stability and 
competitiveness in the market. Stress caused by quarantine 
restrictions also affects the stability of the enterprise fairly 
quickly; however, the damage caused by them is somewhat 
less and can be resolved more quickly. In this case, everything 
depends on the duration of quarantine restrictions and the 
ability of the state to regulate the situation. 

Unlike stress related to force majeure circumstances, 
stress caused by a reduction in the enterprise’s ability to 
generate supply or respond to demand is cyclical and requires 
more time to take anti-stress actions to restore the enterprise's 
stability. 

Figure 1. Analysis of the Impact of Stress Factors on the Overall Flexibility Functional Over Time (measured in 
weeks)  
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It should be noted that these graphs are of a general nature, 
and the coefficients used in the modeling were based on the 
average statistics for the mechanical engineering sector SMEs 
[23], as well as on available data regarding the duration of 
quarantine restrictions during the COVID-19 epidemic [24] 
and the relocation of production caused by the military 
aggression of the Russian Federation [25]. Depending on the 
actual production conditions, the type of products, and other 
factors, the amplitude of the curves may vary, and 
consequently, the impact on the final result may differ. In this 
case, the proposed analysis should be considered a research 
methodology. 

The analysis of the behavior of the factors in question 
allows us to hypothesize that 3D technologies may become a 
key element in overcoming stress for enterprises due to their 
ability to ensure the flexibility of the production process after 
relocation [26-31], support the functioning of some divisions 
through remote access, rapidly adapt to new market 
conditions, and stabilize supply in a new market through the 
restructuring of production with the availability of modern 
digital models and technologies. 
Thus, with a surge in demand, when an enterprise needs to 
adapt to market requirements quickly, 3D tools for 
information representation create the opportunity for rapid 
stress alleviation. For example, when resources are reduced, 
technological and production processes can be adapted using 
3D technologies, particularly through digital twins and 3D 
modeling of production components and systems. These tools 
allow for rapid reconfiguration of manufacturing workflows, 
optimization of resource use, and even virtualization of 
testing and prototyping stages, thereby mitigating supply-

related stress. Additive manufacturing also makes it possible 
to produce critical components in-house, bypassing disrupted 
supply chains. Such applications of 3D technologies in supply 
chain adaptation and resilience have been discussed in recent 
studies [26-29]. Finally, in the case of relocation, the 
enterprise will need resources that can be quickly adapted to 
new conditions. In these conditions, 3D technologies will 
allow for the reproduction of production processes [30-31] at 
a new location without significant delays.  

In this case, when 3D technologies are used for adapting 
to force majeure circumstances, the integral flexibility 
functional, considering force majeure circumstances, will 
have the following form (Figure 2). 

From Figure 2, it is evident that the initial flexibility 
functional of the SME rapidly increases, but later fluctuations 
begin, indicating the internal instability of the enterprise 
caused by the accumulation of internal and external barriers 
that affect SME development over time. The impact of market 
conditions (𝛥𝛥𝐷𝐷𝑚𝑚𝑚𝑚(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)) was modeled based on 
market fluctuation scenarios, such as changes in demand or 
supply instability, and measured by their effect on key 
production parameters, such as resource allocation, costs, and 
production capabilities. These changes were incorporated 
into the integral flexibility functional, resulting in the red line 
(Figure 2), illustrating the dynamics of SME adaptation to 
market pressure over time. The changes in market conditions 
were simulated by varying 𝛥𝛥𝐷𝐷𝑚𝑚𝑚𝑚(𝑡𝑡) and  𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡) values, 
and the corresponding effect on the functional was computed. 
Subsequently, after the adoption of anti-stress measures, this 
pressure gradually decreases. 

Figure 2. Integral Flexibility Functional Considering Force Majeure Circumstances (measured in weeks) 
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In general, the market has a relatively stable influence 
on the sustainability of SMEs, provided that the enterprise 
is flexible in accordance with changes in consumer 
preferences or reduced demand for goods. The impact of 
forced relocations of enterprises or quarantine restrictions 
(𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡) + 𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥(𝑡𝑡)) on the stability of SMEs over time 
gradually increases, which is a reflection of the 
accumulation of negative consequences from partial or full 
relocation of production capacities: the loss of key 
suppliers, resources, personnel, distance from established 
markets, increased logistics costs, additional expenses for 
ensuring worker protection and safety, etc. This also 
requires mitigation through thoughtful crisis management 
actions. 

And finally, the overall flexibility functional of SMEs, 
𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡, initially demonstrates a certain level of enterprise 
stability, which over time transitions to a state of increased 
instability due to the combined effects of external stress 
factors. This behavior of the overall flexibility functional 
can be explained by the constant stress conditions in the 
market, which are exacerbated during force majeure 
situations, when SMEs demonstrate greater vulnerability to 
market fluctuations, in contrast to large manufacturing 
companies (provided they are not subject to relocation, as 
the relocation of large enterprises is more complex and 
costly). This is why the ability of small enterprises to 
respond quickly to changes in demand and supply, as well 
as to manage production during a crisis or force majeure 
situation effectively, is a key factor in maintaining their 
stability. 

The maximum peaks on the graph indicate that the 
enterprise can still adapt to market changes and force 
majeure conditions, but this adaptation can only be 
achieved through the implementation of well-founded 
crisis management measures, which are necessary to 
restore stability during periods of extreme stress, as 
reflected in the peaks on the graph. In the current era of 
rapid automation, the digitalization of the enterprise and 
the use of 3D technologies at all stages of production 
preparation and implementation represent the most 
effective means of ensuring enterprise stability.  While the 
figure does not explicitly illustrate the use of 3D 
technologies, the functional analysis results, supported by 
the preference-based planning method, demonstrate how 
digital tools, such as digital twins and 3D modeling, can 
enhance the enterprise's ability to respond to stress factors 
and improve its adaptability and stability. 

5. Conclusions

It has been demonstrated that for a more detailed analysis 
of the integral flexibility functional of SMEs, which allows 
for the examination of various aspects of the production 
flexibility of a machine-building enterprise and its ability 
to adapt to current changes over time, it is necessary to 
supplement the analysis with factors related to force 
majeure and unpredictable circumstances. This allowed for 
the expansion of the mathematical model of the integral 
flexibility functional of SMEs with additional components 

of stress factors such as: rapid changes in demand and 
supply in the market, as well as changes in enterprise 
activities due to relocation or quarantine restrictions, either 
within the enterprise or the country. 

Based on the optimization of the overall integral 
flexibility functional of SMEs using the automatic planning 
method based on preferences (PPLAN planning), it has 
been established that it is possible to account for the 
variability of anti-stress decisions capable of neutralizing 
the impact of stress factors on the stability of the enterprise 
over time. This can be achieved by utilizing 3D 
technologies at various levels of information representation 
for production objects, which allows for the rapid 
stabilization of SME stability by compensating for the 
weakened characteristics of other functional components, 
including those caused by force majeure circumstances.  
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