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Abstract
This paper examines how Industry 4.0 technologies reshape the upgrading opportu-
nities of micro and small enterprises (MSEs) in the Italian fashion industry. While 
digital transformation is widely viewed as a potential source of renewal for mature 
manufacturing sectors, little is known about whether these technologies generate 
genuine windows of opportunity for small firms embedded in historically special-
ized, district-based production systems. Building on the windows of opportunity 
framework, the paper develops a history-friendly model (HFM) that reproduces 
key empirical features of the Italian fashion value chain and simulates alterna-
tive technological trajectories. The model incorporates heterogeneous suppliers and 
clients, spatial constraints, capability accumulation, and differentiated Industry 4.0 
shocks. Results show that upgrading in the baseline scenario is shaped primarily by 
geography and access to non-local or multinational clients. Production-Efficiency 
Enhancers (e.g., robotics, IoT monitoring) do not expand overall upgrading but 
disproportionately benefit geographically constrained firms by reducing cost disad-
vantages. In contrast, Capability-Building Technologies (e.g., digital prototyping, 
additive manufacturing) reduce upgrading opportunities by enabling client firms 
to internalize functions, despite raising suppliers’ learning capacity. These findings 
highlight the asymmetric and technology-specific nature of digital transformation 
and call for differentiated industrial policies that consider both spatial inequalities 
and supply-chain power dynamics.
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1  Introduction

The emergence of Industry 4.0 is a central element of current academic and policy 
debates on how digital and automation technologies reshape competitive dynamics, 
global value chains (GVCs), and firms’ upgrading opportunities (Strange & Zuc-
chella, 2017). While the literature has extensively examined digitalization in large 
firms and technologically advanced manufacturing sectors (Lee et al., 2023), much 
less attention has been paid to how micro and small enterprises (MSEs) in tradition-
ally craft-based industries respond to Industry 4.0 and whether these technologies 
create genuine windows of opportunity for upgrading, i.e. the process by which firms 
move from low-value to higher-value activities to increase their competitiveness. 
Understanding how these technologies influence the upgrading trajectories of these 
firms is crucial not only for assessing their competitiveness but also for evaluating the 
future of district-based manufacturing in high-income countries.

The Italian fashion industry, including apparel and footwear, offers a valuable con-
text for this analysis, since it represents a paradigmatic example of production sys-
tems dominated by small firms, embedded in industrial districts, and shaped by deep 
historical specialization (Canello, 2022). Fashion has long been characterized by 
flexible specialization, dense inter-firm networks, and craftsmanship-based produc-
tion models. These characteristics have historically allowed Italian MSEs to succeed, 
by serving both domestic lead firms and global luxury brands, providing high-quality 
production capabilities that are difficult to replicate elsewhere (Berra et al., 1995; 
Dunford, 2006). However, from the 1990s onward, globalization and the rise of inter-
national outsourcing profoundly altered the competitive landscape. Many lead firms 
increasingly offshored labour-intensive stages of production to lower-cost regions, 
causing a fragmentation of domestic supply chains and imposing severe pressures on 
small subcontractors. While some MSEs adapted by specializing further, upgrading 
their quality, or integrating more closely with lead firms, many others faced decline, 
exit, or marginalization (Canello et al., 2025). More recently, reshoring and re-local-
ization dynamics have gained visibility, but evidence shows that these processes are 
often reactive and not necessarily associated with long-term technological upgrading 
(Buciuni et al., 2022). In this context, the advent of Industry 4.0 appears as a new 
technological discontinuity that might redefine the relative advantages of domestic 
versus offshore production, reshape demand for small-firm capabilities, and open 
new upgrading opportunities.

The concept of windows of opportunity provides a useful theoretical lens to exam-
ine these transformations (Perez & Soete, 1988). According to Lee and Malerba 
(2017), windows of opportunity arise when technological, demand, or institutional 
shifts temporarily weaken incumbents’ advantages and enable new actors to catch 
up or upgrade. Technological windows are particularly relevant to the current phase 
of digital transformation: the emergence of cyber-physical systems, robotics, addi-
tive manufacturing, or IoT may disrupt existing production architectures, weaken the 
value of certain routines, and strengthen others, creating possibilities for challengers 
and agile firms. However, the opening of a technological window does not auto-
matically translate into upgrading; outcomes depend on the firms’ strategic response, 
capability base, and the surrounding institutional and market environments (Han-
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sen & Hansen, 2020). This perspective is especially pertinent for MSEs in advanced 
economies, which often lack the financial, organisational, or digital capabilities 
required for adopting complex technologies but may still be able to seize opportuni-
ties if technologies align with their existing knowledge base or if they enable new 
forms of coordination with clients.

The fashion industry presents a paradox in this regard. On the one hand, its intrin-
sic complexity, linked to fabric pliability, the craft-intensive nature of sewing and 
assembly, and the importance of tacit knowledge, limits the extent to which auto-
mation can substitute labour. Unlike industries such as automotive or electronics, 
complete automation remains technologically challenging (Fana et al., 2024). On 
the other hand, several Industry 4.0 technologies can strongly influence upstream 
production phases, especially cutting, prototyping, modelling, design, quality con-
trol, and supply-chain coordination. Tools such as digital prototyping, 3D simulation, 
additive manufacturing, IoT-based monitoring, and collaborative robots can reduce 
lead times, improve quality, and enhance integration with lead firms. These technolo-
gies may therefore generate new forms of functional upgrading, which refers more 
specifically to the acquisition of new, higher-value functions within the value chain, 
such as shifting from manufacturing to design, branding, or marketing (Giuliani et 
al., 2005; Hernandez-Rodriguez et al., 2025).

Despite the growing policy attention and the expanding empirical literature on 
digital transformation, it remains unclear which specific Industry 4.0 technologies 
matter for MSEs in fashion, how they change the distribution of upgrading outcomes 
across heterogeneous firms, and whether they mitigate or exacerbate long-standing 
disadvantages arising from geographical constraints, limited absorptive capacity, 
or dependence on lead firms. Furthermore, because fashion supply chains are inter-
dependent systems, the adoption of Industry 4.0 by clients, such as multinational 
enterprises (MNEs) or national brands, might reduce the demand for certain supplier 
functions or reconfigure the boundaries of internalization versus outsourcing, thus 
indirectly shaping upgrading dynamics for MSEs.

To address these questions, we develop a history-friendly model (HFM) of the 
Italian fashion industry, grounded in the empirical and theoretical dynamics that 
characterize the sector. HFMs provide a powerful methodological tool for analysing 
how technological discontinuities and heterogeneous firm strategies shape long-term 
evolutionary outcomes (Malerba et al., 2016). By building on appreciative theory 
and detailed historical reconstruction, HFMs allow scholars to simulate alternative 
industry trajectories, examine counterfactual scenarios, and assess whether specific 
mechanisms are capable of reproducing stylized facts. In this study, the model repre-
sents the interaction between client firms (MNEs and national clients) and small sup-
pliers in different regions, capturing heterogeneity in capabilities, learning processes, 
spatial constraints, and technology adoption choices. Beyond the baseline scenario, 
we introduce two distinct types of Industry 4.0 technologies into the model. The first 
group (Production-Efficiency Enhancers) includes automation and digital tools that 
reduce production costs for adopters. The second group (Capability-Building Tech-
nologies) includes digital prototyping, AI-assisted design, and additive manufactur-
ing, which increase firms’ learning capacity but may also reduce external demand if 
clients internalize certain functions.
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The simulation results show that the emergence of Industry 4.0 does not uniformly 
translate into new upgrading opportunities for small firms. In the baseline scenario, 
upgrading is strongly shaped by access to demand, with non-local firms benefiting 
from broader market linkages, while local firms rely more heavily on connections 
with multinational clients. The introduction of production-efficiency enhancing tech-
nologies does not significantly alter the overall distribution of upgrading outcomes, 
but it partially compensates for geographical constraints by enabling local firms to 
improve their competitiveness. By contrast, capability-building technologies gener-
ate more ambivalent effects: while they improve learning processes, they also reduce 
external demand by allowing the internalization of functions by client firms, ulti-
mately leading to fewer upgrading events on average. Overall, the results suggest 
that the upgrading impact of Industry 4.0 technologies depends critically on how they 
reshape demand conditions and value-chain organisation, rather than on their direct 
effects on firm capabilities alone.

Overall, this study provides a threefold contribution. First, it extends the windows 
of opportunity framework to understand how technological change affects firms 
operating within mature industrial districts in advanced economies. Second, it adds 
to the literature on Industry 4.0 adoption among MSEs by distinguishing technolo-
gies that enhance process efficiency from those that reshape capability accumula-
tion and outsourcing decisions. Finally, it contributes methodologically by applying 
a history-friendly modelling approach to a labour-intensive, craft-based industry in 
which technological disruption unfolds unevenly across functions, providing impli-
cations for industrial policy, regional development strategies, and the future of Italy’s 
fashion manufacturing system.

The paper is organised as follows. The next section illustrates the theoretical 
framework of windows of opportunity. Then we provide a description of the Ital-
ian fashion industry, highlighting the role of global value chains and Industry 4.0 
technologies. In the following sections we briefly present the methodology and the 
model. In Sect.  6 we present the results of the simulation exercises. Then we con-
clude by highlighting the contribution of this paper, as well as its limitations.

2  Windows of opportunity and the Industry 4.0 technological 
paradigm

The concept of windows of opportunity provides an influential theoretical lens for 
explaining episodes of industrial upgrading, catch-up, and shifts in competitive lead-
ership. Originally formulated by Perez and Soete (1988), the argument emphasizes 
that major technological shifts, and in particular the emergence of new techno-eco-
nomic paradigms, temporarily “level the playing field” by weakening the advantages 
of incumbents whose capabilities are strongly aligned to the old technological regime. 
During such periods, technological change may destroy or radically reshape the value 
of accumulated knowledge, routines, and complementary assets, thus allowing late-
comers or smaller firms to reduce competitive gaps with technologically advanced 
actors. This dynamic is central to understanding how firms, whether in latecomer 
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countries or peripheral positions within advanced economies, can upgrade during 
periods of discontinuity.

Building on this foundation, Lee and Malerba (2017) significantly expanded the 
concept of windows of opportunity within the sectoral systems of innovation frame-
work (Malerba, 2002). They proposed that catching-up depends on the interaction 
between three types of windows of opportunity: technological, demand, and institu-
tional. Although these dimensions often overlap in practice, they represent analyti-
cally distinct sources of discontinuity. For the purposes of this study, which examines 
the strategic responses of small fashion firms to Industry 4.0 technologies, the most 
relevant dimension is the technological window, which emerges when radical inno-
vations or changes in technological regimes appear. Technological windows arise 
when new technologies disrupt an industry’s existing knowledge base, product archi-
tecture, or production processes. Such disruptions often take the form of technologi-
cal discontinuities, i.e. radical innovations that replace or substantially alter previous 
technological trajectories and destroy the incumbents’ competences (Tushman & 
Anderson, 1986).

Consistent empirical evidence shows that technological windows can significantly 
alter market leadership. For example, technological shifts have enabled challengers 
to catch up in industries such as mobile phones (Giachetti & Marchi, 2017), nuclear 
power plants (Kwak & Yoon, 2020), cameras (Kang & Song, 2017), regional jets 
(Vértesy, 2017), and steel (Lee & Ki, 2017). The central mechanism is that incum-
bents, often locked into existing technologies and exhibiting strong strategic com-
mitments to legacy assets, tend to display inertia in responding to new technological 
trajectories. They may fall victim to “competency traps”, investing further in familiar 
technologies rather than in uncertain alternatives. As a result, during periods of tech-
nological upheaval, “everybody is a beginner” (Park & Lee, 2006), and therefore a 
temporary advantage is created for challengers willing and able to invest early in the 
new paradigm.

This logic applies equally to cross-country, inter-firm, and intra-industry catch-
up dynamics. Giachetti and Mensah (2023) show that technological windows can 
reshape the competitive landscape even within the same industry across different 
product categories. Similarly, Dai et al. (2020) emphasize that profound technologi-
cal shifts can bring incumbents and latecomers to “the same starting line,” provid-
ing an opening for rapid capability building. In all cases, technological windows are 
characterized by temporality: they open when the discontinuity emerges and close 
once the new technology stabilizes and incumbents reconfigure their capabilities. 
This temporality underscores why timely strategic responses are crucial.

Although the focus here is on technological windows, it is useful to briefly posi-
tion them within the broader windows of opportunity framework. Demand windows 
arise when market demand expands, shifts abruptly, or emerges in previously absent 
segments. Institutional windows emerge when policy interventions, regulatory 
changes, or shifts in public incentives reshape industry conditions. Recent work has 
highlighted the growing relevance of “green” windows of opportunity in environ-
mental sectors, which tend to be strongly driven by policy directionality, institutional 
change as well as changes in demand (Lema et al., 2020; Hansen & Hansen, 2020). 
More importantly, technological, demand, and institutional windows often interact. 
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For example, policy changes encouraging digitalization can accelerate the opening 
of technological windows by inducing firms to adopt advanced technologies earlier. 
This interaction is particularly relevant for Industry 4.0 technologies because they are 
frequently supported by national and regional digitalization policies, incentives for 
automation, and initiatives promoting supply-chain transparency, sustainability, and 
traceability. This means that windows of opportunity can be shaped endogenously 
by the strategic responses of local firms, governments, or other system actors. Yap 
and Truffer (2019) emphasize the importance of “endogenising” windows through 
the creation and strengthening of innovation system functions, which allow domes-
tic firms to actively shape selection environments rather than passively respond to 
global shocks. This endogenous dimension is particularly relevant for small firms in 
advanced economies: even if major technological shifts originate outside their sector, 
firms can develop internal capabilities, such as digital skills, experimentation rou-
tines, and partnerships, that enable them to leverage these windows more effectively. 
In this sense, technological windows do not deterministically create upgrading; rather, 
they create potential for upgrading that must be activated through appropriate strate-
gies (Capone et al., 2021; Davy & Hansen, 2023). So, within this framework, firm 
strategies play a decisive role in determining whether the potential of a technological 
window is realized. Lee and Malerba (2017) highlight that windows trigger different 
responses by incumbents and challengers, which can range from rapid adaptation to 
rigid adherence to legacy capabilities. Responses include capability reconfiguration, 
learning strategies, technology adoption choices, and investments in complementary 
assets such as design, marketing, or supply-chain management.

In summary, the literature shows that technological windows of opportunity do not 
automatically generate catch-up or upgrading. Their effects depend on firms’ existing 
capabilities, strategic responses, and ability to mobilize complementary assets, as 
well as on the demand and institutional conditions surrounding technological change. 
This perspective is particularly relevant to Industry 4.0 in the Italian fashion industry, 
where new technologies may create opportunities for MSEs, but may also reinforce 
existing disadvantages if firms lack the capabilities, market access, or value-chain 
position required to exploit them.

3  Micro and small firms in the Italian fashion industry and the 
emerging role of Industry 4.0 technologies

3.1  The evolution of the Italian fashion industry

The Italian fashion industry, encompassing apparel, clothing, and footwear, has long 
been characterized by a dense network of micro and small enterprises (MSEs), many 
embedded in industrial districts (Berra et al., 1995; Dunford, 2006). As in many Ital-
ian districts, these firms historically leveraged craftsmanship, production flexibil-
ity, and close inter-firm relationships to compete in global markets (Capasso et al., 
2013). These districts have been described as Marshallian socio-economic systems 
where proximity fosters innovation, knowledge diffusion, and organisational flexibil-
ity (Becattini, 1990; Bellandi, 2011). Industrial districts specialize in various stages 
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of production, allowing MSEs to benefit from external economies of scale and low 
transaction costs (Schamp, 2005; Scott, 2006). Within the value chain, micro and 
small producers typically occupy specialized upstream and midstream roles, includ-
ing prototyping, modelling, cutting, weaving, stitching, or finishing. Their centrality 
in local production systems lies in their ability to support process-embedded innova-
tion, i.e. incremental improvements in materials, processes, and product development 
that occur throughout the value chain. So, innovation in clothing and footwear tended 
to emerge within production activities themselves, making small firms indispensable 
to the innovation strategies of both Italian leading firms and to MNEs (Buciuni et al., 
2022).

Over the past three decades, however, the sector has confronted intense pres-
sures from globalization, competitive restructuring, and new technological para-
digms (Caniato et al., 2015; Dunford et al., 2016). More specifically, from the 
1990s onward, the fashion industry experienced major restructuring due to China’s 
entry into the WTO and the rise of global value chains (Canello et al., 2025). These 
developments prompted large fashion firms to engage in global sourcing, especially 
through offshore outsourcing to East Asia and Eastern Europe (Cutrini, 2011; Aber-
nathy et al., 2006). Many Italian MSEs also engaged in offshore outsourcing, but 
these firms generally maintained domestic subcontracting relationships even when 
outsourcing abroad, underscoring the enduring role of local production networks 
(Canello, 2022). Over time, however, globalization also generated severe negative 
pressures. Declining demand, competitive price pressures, and supply chain restruc-
turing led to widespread firm failures, particularly after the 2008 crisis. Only a small 
number of firms successfully integrated into GVCs, and those that had adopted in 
a timely manner strategies involving higher outsourcing propensities and stronger 
investments in innovation-supporting activities, including technological improve-
ments (Buciuni et al., 2022). This dynamics also affected industrial districts, that 
experienced significant decline as global competition intensified. For example, in the 
Prato textile district, between 2001 and 2011 around half of all firms disappeared. 
Decline was exacerbated by offshoring of key manufacturing phases, rising imports 
of semi-finished products, entry of low-cost producers (often immigrant-run firms), 
as well as ageing of skilled workers without sufficient generational renewal (Bres-
sanelli et al., 2022).

While offshoring dominated in the early 2000s, a growing counter-trend of reshor-
ing emerged, motivated both by rising offshore costs and by strategic reconsidera-
tions. In the Italian clothing and footwear sectors, reshoring has been particularly 
visible among MSEs (Canello, 2022). However, reshoring rarely reflected strong 
innovation or upgrading strategies, but rather a reactive correction to earlier misjudg-
ments (Canello et al., 2025). So, reshoring MSEs frequently underperformed relative 
to those that remained offshore, whereas their outcomes improved significantly when 
reshoring targeted areas with dense subcontracting networks that provided access to 
competencies and complementary assets that reduced adaptation costs.
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3.2  The technological foundations of Industry 4.0 and its role in the 
reconfiguration of GVCs

These structural changes increased the urgency for technological renewal. In this 
context, Industry 4.0 technologies represented a key factor in reshaping the upgrad-
ing possibilities available to small firms. Indeed, Industry 4.0 can be defined as a 
major transformation in the organisation of production systems, driven by a set of 
enabling technologies, such as industrial robotics, additive manufacturing (AM), 
advanced material handling systems, digital sensors, augmented reality, and the Inter-
net of Things (IoT), that integrate physical and digital processes and enable new 
forms of data-intensive, automated, and interconnected manufacturing (Martinelli 
et al., 2021). Industry 4.0 technologies share several common features: integration 
of cyber-physical systems, automated data collection and analysis, interconnected 
machines and production cells, and new forms of digitally enabled production flex-
ibility. These technologies emerge at the intersection of multiple technological para-
digms, combining mechanical engineering, ICT, AI, and materials science. A key 
characteristic is their strong complementarity with human capital and organisational 
capabilities. The digital transition requires new skills in data management, program-
ming, and system integration, as emphasized by multiple studies analysing the labour 
and skill implications of digital adoption (Cirillo et al., 2023; Ciarli et al., 2021). 
Firms also need appropriate absorptive capacity to integrate I4.0 technologies effec-
tively (Arcidiacono et al., 2022), a concern that is particularly salient for MSEs with 
limited managerial and financial resources.

The emerging literature on Industry 4.0 has highlighted that these technologies are 
altering the logic of international production. Digitalization challenges the traditional 
cost-based logic that drove the offshoring waves of the 1990s and early 2000s, by 
reducing the relative importance of low-cost labour and increasing the importance 
of knowledge, flexibility, and speed (Strange & Zucchella, 2017). More specifically, 
technologies such as 3D printing or additive manufacturing can shift competitive 
advantages away from low-cost production locations, by reducing the minimum 
efficient scale and enabling more localized, customized production (Laplume et al., 
2016). These perspectives are consistent with the broader discussion on the future of 
manufacturing, suggesting that automation and digitalization reduce the opportuni-
ties for catching-up by leveraging cheap labour as a source of advantage (Hallward-
Driemeier & Nayyar, 2017). Lamperti et al. (2025) show that specific Industry 4.0 
technologies have heterogeneous effects on reshoring: countries with higher adoption 
of advanced industrial robots exhibit greater reshoring from abroad, particularly from 
Asia; by contrast, IoT investments, used for real-time monitoring, traceability, inven-
tory management, and logistics optimization, are associated with reduced reshor-
ing, likely due to their role in coordinating geographically fragmented supply chains. 
Finally, additive manufacturing has negligible effects on reshoring at the country 
level. These results demonstrate that the relationship between digital technologies and 
GVC restructuring is not linear or uniform. Rather, each technology affects produc-
tion costs, coordination needs, and scale economies differently. Moreover, the result 
on robots suggests that automation may mitigate the advantages previously offered 
by low-wage locations: advanced robotics reduces labour requirements in production 
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tasks and changes the cost structure of manufacturing, potentially reducing the incen-
tives to offshore (Krenz et al., 2021). So, where automation replaces labour-intensive 
processes, high-income economies may regain competitiveness, altering the geogra-
phy of global sourcing (Castellani et al., 2022; Chen & Frey, 2024).

Cucculelli et al. (2025) showed that in Italian firms the adoption of these technolo-
gies spans a wide range of domains, including interconnected production systems, 
management software, wearable devices, and augmented reality. Their results indi-
cate an expansion of adoption even among small firms, with significant increases 
between 2019 and 2022 across technologies that support monitoring, coordination, 
and process integration. Across sectors, these technologies are reshaping competitive 
dynamics, firm organisation, and the geography of global production. Their impli-
cations are particularly relevant for industries characterized by global fragmenta-
tion of production. At the same time, the fragmentation of the supply chain and the 
erosion of shared know-how represent obstacles to the coordinated technological 
upgrading needed for Industry 4.0 adoption. The response has partly come through 
sustainability-driven transformation (Fratocchi & Mayer, 2023), as many circular 
economy initiatives require traceability systems, digital monitoring, and advanced 
sorting technologies, suggesting the need for a complementary adoption of digital 
and sustainable tools (Hervas-Oliver & Capone, 2024).

3.3  The adoption of Industry 4.0 technologies in the fashion industry

The apparel and footwear industries have long been a paradigmatic example of global 
production fragmentation. They are highly labour-intensive, with significant portions 
of production having been offshored to low-cost countries. However, they also pres-
ent specific technological constraints. Although technologies such as automated cut-
ting, vision systems, and digital sensors exist, the pliability and variability of fabrics 
mean that much of apparel and footwear assembly (especially sewing) remains dif-
ficult to automate. This results in a coexistence of new and old production technolo-
gies along the supply chain (Fana et al., 2024). Upstream segments (i.e., textiles) and 
downstream segments (i.e., logistics and retail) exhibit higher levels of automation 
and digitalization, whereas manufacturing stages involving handling and assembling 
soft materials remain technologically constrained, limiting the substitution of labour 
with capital. These characteristics explain why reshoring was relatively limited in 
fashion manufacturing compared to other manufacturing sectors such as automotive 
or electronics. Yet, technological upgrading is occurring in specific phases (e.g., pat-
tern making, cutting, prototyping, quality control) and may gradually shift produc-
tion boundaries. So, while in these industries Industry 4.0 may not lead to complete 
reshoring, it generates opportunities for functional upgrading, greater integration 
of design and production processes, and a rebalancing of tasks between domestic 
and foreign suppliers. Drivers include quality improvement, efficiency, and higher 
productivity. Skill shortages, especdiially in traditional crafts, also motivate digital 
upgrading. This dynamics reflect a broader Industry 4.0 pattern: small firms adopt 
technologies selectively when aligned with perceived bottlenecks or quality needs.

Small fashion firms can leverage Industry 4.0 technologies to support several 
upgrading trajectories documented in the literature. First, as process innovation is 
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embedded in production activities, these technologies directly reinforce the capa-
bilities that make MSEs competitive, generating process upgrading (Pisano & Shih, 
2012). Second, some specific technologies such as 3D modelling, digital prototyping, 
virtual sampling or simulation tools strengthen the innovation-supporting activities, 
opening opportunities for functional upgrading (Buciuni et al., 2022). Finally, Indus-
try 4.0 systems enhance integration with lead firms via digital information exchanges 
(Mejías et al., 2019), that enable relational upgrading. Recent empirical evidence 
shows that investment has so far focused mainly on implementing technologies 
aimed at increasing the efficiency of the production process (such as IoT-based moni-
toring, automation and robotics, and horizontal and vertical coordination systems), 
since they offer more quantifiable advantages for suppliers in terms of cost reduction 
and higher knowledge integration (Dal Forno et al., 2023). More limited evidence 
is instead available about capability-building investments in additive manufacturing 
and simulation technologies, although the main results suggest that both suppliers 
and customers might obtain advantages from these technologies (Dal Forno et al., 
2023; Celaschi, 2017), and actually could even reduce a firm’s dependence on sup-
pliers (Ben-Ner & Siemsen, 2017).

4  Methodology: history-friendly models

To analyse how Industry 4.0 technologies reshape upgrading opportunities for small 
Italian fashion firms, this study draws on the history-friendly modelling (HFM) meth-
odology. Originally introduced by Malerba et al. (1999), HF models provide a for-
mal, simulation-based framework for explaining the evolution of specific industries 
through mechanisms that are tightly grounded in empirical evidence and appreciative 
theorization. The approach has been applied to diverse sectors, including comput-
ers, pharmaceuticals, semiconductors, and mobile communications, demonstrating 
its flexibility in studying how technological and demand shifts shape firm strate-
gies, competitive dynamics, and long-term industry trajectories (Capone et al., 2019; 
Capone & Li, 2021; Li et al., 2019).

HFMs are rooted in evolutionary economics, and therefore represent firms as het-
erogeneous, boundedly rational agents whose behaviour is shaped by routines, histor-
ically accumulated capabilities, and the institutional and technological environment 
in which they operate. Firms differ in their innovativeness, knowledge bases, and 
strategic responses; these differences interact with technological change and demand 
conditions to generate dynamic industry patterns over time (Nelson & Winter, 1982). 
HF models adopt this behavioural foundation but add a distinctive emphasis on his-
torical reconstruction, using detailed narratives of how a specific industry evolved 
to identify the mechanisms that the model must represent (Capone et al., 2019). HF 
models thus sit between purely verbal appreciative theorizing and highly abstract 
formal modelling. Appreciative theories, widely used in empirical studies of indus-
trial dynamics, are powerful for identifying causal processes but difficult to test for 
internal consistency due to their complexity and narrative form. HF methodologies 
formalize the key mechanisms derived from these appreciative explanations and sim-
ulate them to explore their dynamic implications (Capone et al., 2019).
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Across applications, HFMs involve three interconnected steps. First, they require 
the identification of the phenomena to be explained and the mechanisms accounting 
for them. The starting point is a careful examination of the industry’s historical evolu-
tion. This involves identifying the salient events, actors, and structural characteristics 
that shaped the industry trajectory, such as technological discontinuities, entry waves, 
capability accumulation, or the emergence of segmented markets. For example, in the 
HF model of mobile communications, Li et al. (2019) identify generational techno-
logical change and demand segmentation as key factors enabling the catch-up of Chi-
nese latecomer firms. Similarly, HF models in computers or pharmaceuticals build 
on historical accounts that highlight the role of technological regimes, appropriability 
conditions, and strategic behaviour. In our context, this step identifies Industry 4.0 as 
a major technological discontinuity that alters the competitive environment for small 
fashion firms, consistent with the windows of opportunity framework detailed in the 
previous section.

Once the relevant mechanisms are identified, the second step is to build a formal 
simulation model that captures heterogeneous firms with differentiated capabilities, 
technological regimes and their evolution (including discontinuities, cumulative 
learning, and path dependence), demand structures, and institutional elements. HF 
models retain general evolutionary assumptions but incorporate industry-specific his-
torical features. For instance, in the mobile communications HF model, segmented 
markets and capability gaps between domestic firms and MNEs play a central role; in 
the computer industry model, the emergence of new product generations and strong 
user lock-in are essential mechanisms (Capone et al., 2019; Malerba et al., 2016). In 
this work, we consider the context of Italian fashion MSEs: technological adoption 
is shaped not only by digital capabilities but also by the structure of local production 
networks.

Finally, HFMs are implemented as agent-based simulations, which allow the 
exploration of dynamic outcomes emerging from firms’ interactions and feedback 
loops. As emphasized by Capone et al. (2019), simulation enables the modeler to 
test whether a set of mechanisms can reproduce the stylized facts of an industry’s 
evolution and to conduct counterfactual analyses by altering specific parameters or 
environmental conditions. This counterfactual logic is highly relevant for analysing 
Industry 4.0 in fashion: by exploring the heterogeneity of Industry 4.0 technological 
adoption, HFMs can help to identify which technologies create genuine upgrading 
opportunities for small firms.

5  The model

This section presents an agent-based, history-friendly model of the Italian fashion 
value chain, designed to examine how Industry 4.0 technologies shape the upgrading 
trajectories of small supplier firms embedded in global and domestic production net-
works. The model captures the interaction between two types of actors (client firms 
and supplier firms) linked through repeated contracting processes for specific value 
chain functions (e.g., manufacturing, design, prototyping). It combines demand-
driven allocation of contracts with endogenous firm learning, capability accumu-
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lation, and strategic adaptation. Spatial frictions and differentiated technological 
shocks are incorporated to simulate the heterogeneous conditions under which Italian 
micro and small enterprises operate. Figure 1 reports a general overview of the main 
mechanisms of the model.

5.1  Demand Side: clients, contracts, and bid selection

The model features a fixed population of client firms, divided into Multinational 
Enterprises (MNEs) and Small National Clients (SNCs). These two groups differ in 
their scale, quality requirements, and purchasing strategies. MNEs typically demand 
larger quantities and higher-quality outputs and can allocate a single contract across 
multiple suppliers. By contrast, SNCs issue smaller contracts, impose lower quality 
thresholds, and usually rely on suppliers that can fulfill the entire required quantity. 
In each period, each client issues one or more contracts defined by four attributes: (1) 
the value-chain function required; (2) the total quantity demanded; (3) the maximum 
price the client is willing to pay; and (4) the minimum acceptable quality level.

Supplier firms may submit bids to any contract for which they possess the required 
capability level, provided that the client’s maximum price does not fall below the 
supplier’s minimum acceptable price. Firms face a soft production constraint: they 
may bid on multiple contracts concurrently, but total bid quantities cannot exceed a 
firm-specific function of production capacity. Geographic constraints are also pres-
ent: local suppliers may bid only on contracts issued by clients in the same region, 
whereas non-local suppliers can also access more distant clients. Clients evaluate 
bids through a weighted scoring rule based on price and expected quality. MNEs 
assign a higher weight to quality and may accept multiple suppliers to jointly cover 
demand. SNCs prioritize lower price and award each contract to a single supplier 
capable of supplying the full quantity. Following selection, suppliers enter a confir-

Fig. 1  Overview of the model
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mation phase: if assigned more quantity than their capacity allows, they randomly 
choose some of the contracts and decline the remainder, incurring penalties on unful-
filled commitments.

To capture client learning, contract parameters adapt over time. If a contract is 
unmet before the confirmation stage, the client relaxes quality requirements. If unmet 
after confirmation, the client raises the maximum price offered. Conversely, if fully 
met, clients adjust by modestly tightening requirements: lowering prices and rais-
ing minimum quality. Clients thus gradually update their expectations in response to 
market performance, influencing future competitive dynamics.

5.2  Supply side: capabilities, production, and upgrading

Supplier firms are characterized by a vector of capabilities across all possible value-
chain functions. Each capability value lies in the interval [0,1], representing the max-
imum attainable quality for that function. Firms begin with a fixed specialization: 
one randomly assigned function receives a higher initial capability value, ensuring 
initial heterogeneity and comparative advantages. Firms also possess a fixed produc-
tion capacity, which is not function-specific and constrains the total quantity they can 
effectively deliver.

Production is modelled in a reduced-form manner. Each unit produced entails a 
constant unit cost, and profits derive solely from the difference between contract 
price and cost. Suppliers adjust their minimum acceptable prices based on realized 
capacity utilization and profitability. If capacity is fully used but desired markups 
are not met, minimum prices increase. If capacity is underutilized, suppliers reduce 
minimum prices, potentially even below cost, which can lead to losses but may still 
be strategically chosen to maintain market presence.

Capability development is a central mechanism in the model. Each period, sup-
pliers decide whether and where to invest in upgrading, based on expected financial 
gains (drawn from past profitability and market opportunities) and expected technical 
success (proxied by relatedness to their existing capability base). Capability accu-
mulation follows a relatedness-dependent learning function: capability increments 
are proportional to both the level of investment and a firm-specific relatedness score, 
with diminishing returns to effort:

	 Ct+1
i,f = Ct

i,f + η · ρ i,f · ln
(
1 + rπ t

i

)
� (1)

where Ct
i,f  indicates the capabilities of firm i in function f at time t, η  is the basic 

learning rate, ρ i,f  is the relatedness score for function f computed from the related-
ness matrix of each firm, r is the investment rate, and π t

i represents the profit of firm 
i at time t.

The relatedness matrix is firm-specific and captures how existing competencies 
facilitate learning in adjacent functions. Upgrading is defined as winning a contract in 
a function in which the firm had never previously been active, making the acquisition 
of new functions an observable achievement of capability accumulation.
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5.3  Industry structure, entry–exit dynamics, and spatial distribution

The supplier population is initialized using empirical distributions derived from data 
on the Italian fashion industry (see Canello, 2022, for more information about the 
data), while the client population is calibrated to maintain aggregate sectoral stability. 
Firms are assigned to spatial locations following a skewed distribution that mirrors 
the geographical concentration of Italian textile-fashion districts. Supplier exit occurs 
when firms accumulate sustained losses or fail to secure contracts for an extended 
period. For every exit, a new entrant replaces the exiting firm, preserving overall pop-
ulation size. Entrants inherit parameter initialization rules similar to incumbents but 
reflect updated sectoral conditions, allowing for path-dependent industry dynamics.

5.4  Technological windows of opportunity

Industry 4.0 technologies are introduced as technological windows that change either 
(1) the efficiency of performing existing functions or (2) firms’ ability to learn new 
functions. Production-Efficiency Enhancers include IoT-based monitoring, robotics, 
cloud coordination systems, and digital twins. Their effect on efficiency is modelled 
by a reduction of unit costs for adopter firms. Capability-Building Technologies, such 
as 3D printing, digital prototyping, virtual sampling, and AI-assisted design, instead 
directly relax capability barriers. They increase the learning rate for adopters, thereby 
potentially improving the attainable quality in the selected function and facilitating 
functional upgrading. However, as they can be also adopted by client firms (Dal 
Forno et al., 2023; Ben-Ner & Siemsen, 2017), they also generate a reduction in 
external demand by enabling client firms to internalize production. By introducing 
these shocks in separate simulation experiments, the model examines how different 
technological pathways influence the upgrading options available to small suppliers.

6  Results

In this section, we present the results obtained by running computer simulations of 
our model. First, we run baseline simulations that represent the conditions of the fash-
ion industry before the adoption of Industry 4.0 technologies. Then, we run history-
divergent simulations to examine the impact of the adoption of these technologies. 
More specifically, we focus on two main changes in the sectoral system: the adop-
tion of Production-Efficiency Enhancers and the adoption of Capability-Building 
Technologies. In both cases, we assume that only a limited fraction of firms (10%) 
adopt the specific technology. For each of the three cases (the baseline model and 
the two history-divergent cases) we run 50 simulations. Parameter values and and 
initial conditions are specified in Table A1 in the Appendix. To check the robustness 
of our results to small changes in parameter values, we conduct a sensitivity analysis 
(Landini et al., 2017; Li et al., 2019). Within a range of variation of [-10%, + 10%] of 
the original parameter values included in Table A1, the results of the model are quali-
tatively confirmed. The changes in the model to represent the history-divergent cases 
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are described below. In all cases, the main variable of interest is functional upgrading, 
that is the first entry into a new value-chain function through contract acquisition.

6.1  Baseline model

In the baseline model, only a small fraction of firms never manages to upgrade in 
at least one function over the 50 periods analysed by each simulation (Fig. 2). The 
number of upgrading events, however, is not related to the size of the firm (Fig. 3). 
Figure 4 shows the distribution of upgrading events for local and non-local firms. 
Local firms can access only clients from the same region in which they are localized; 
non-local firms, instead, can also access more distant clients. The figure shows in a 
very clear way that upgrading is much more common in non-local firms, that can 
exploit demand opportunities that are not limited to their home region. Local firms 
can partially compensate if they are able to access contracts from MNEs (Fig. 5), that 
generally pay higher prices, although they have higher quality requirements and are 
not equally distributed across regions. The ability to gain contracts from MNEs has 
an effect also on non-local firms, but it is considerably more limited.

6.2  Production-efficiency enhancers

In the first history-divergent exercise, we introduce the possibility for some firms 
to adopt production-efficiency enhancing technologies. This implies that adopting 
firms benefit from a lower cost of production (a 20% reduction). In order to isolate 

Fig. 2  Baseline Model: Distribution of upgrading events
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Fig. 4  Baseline Model: Distribution of upgrading events in local and non-local firms

 

Fig. 3  Baseline Model: Relation between upgrading events and firm capacity
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the effect of technology adoption, we assume that this occurs independently of other 
relevant factors, such as the local status of firms, as well as the characteristics of the 
region in which it is localized. Figure 6 shows that the adoption of these technologies 
has no impact on the distribution of upgrading events. The adoption of efficiency 
enhancing technologies, however, generates an effect quite similar to the exposure 
to non-local markets: Fig. 7 shows that the average number of upgrading events is 
similar among local adopters, non-local non-adopters, and non-local adopters, and 
is substantially lower for local non-adopters. So, the adoption of these technologies 
provides upgrading opportunities in particular to local firms, whereas for non-local 
firms the impact is quite limited, since they could already exploit their linkages out-
side the home region. This pattern is confirmed by Fig. 8, that shows how the number 
of contracts gained from MNEs is less important for non-local and/or adopter firms, 
and instead offers some upgrading opportunity to local non-adopters.

6.3  Capability-building technologies

The second group of Industry 4.0 technologies generates different results. This is 
quite evident from the distribution of upgrading events, which now has a peak at 
0, and a much lower mean (Fig. 9). This probably reflects the reduction in demand 
associated with the emergence of these technologies, since they allow client firms 
to perform some functions by themselves. This lack of demand is not compensated 
by the higher learning rate that allows firms to accumulate capabilities with lower 

Fig. 5  Baseline Model: Relation between upgrading events and MNEs contracts in local and non-local 
firms
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Fig. 7  Production-Efficiency Enhancers: Average number of upgrading events in different types of 
firms

 

Fig. 6  Production-Efficiency Enhancers: Distribution of upgrading events
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Fig. 9  Capability-Building Technologies: Distribution of upgrading events

 

Fig. 8  Production-Efficiency Enhancers: Relation between upgrading events and MNE contracts in 
different types of firms
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effort. Figure 10 shows that these technologies offer only limited opportunities for 
upgrading, and that actually the impact is slightly stronger for non-local firms. As in 
the baseline model, access to MNE contracts remains the main upgrading strategy for 
local firms, whether they are technology adopters or not (Fig. 11).

7  Conclusion

This paper examined how Industry 4.0 technologies shape the upgrading opportuni-
ties of micro and small enterprises in the Italian fashion industry, using a history-
friendly model that reproduces stylized facts of the sector and simulates alternative 
technological trajectories. The results shed light on the heterogeneous and technol-
ogy-specific nature of the digital transformation, showing that not all technologies 
create windows of opportunity, and that the distribution of benefits is highly uneven 
across firms. More broadly, the findings highlight the importance of understanding 
digitalization not as a homogeneous shift but as a collection of distinct technolo-
gies with different implications for production costs, learning dynamics, and client-
supplier relationships.

The results obtained in the baseline model capture upgrading dynamics in the 
absence of Industry 4.0 technologies. Even without technological shocks, the model 
shows that a large share of small firms manages to upgrade at least once. This is 
consistent with the historically observed fluidity of the Italian fashion supply chain, 

Fig. 10  Capability-Building Technologies: Average number of upgrading events in different types of 
firms
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that has been characterized by a relational mode of value chain governance in which 
suppliers are able to work autonomously and enlarge their competences by investing 
in new functions (De Marchi & Di Maria, 2019). However, upgrading is strongly 
conditioned by geography and demand structure: firms with access to non-local mar-
kets and those able to connect to multinational clients exhibit significantly higher 
upgrading rates. This finding reinforces well-established empirical evidence on the 
advantages of external linkages (Giuliani et al., 2005) and the centrality of lead firms 
in enabling capability development among small suppliers, in line with the historical 
evolution of the Italian fashion districts and the impact that MNEs’ entry had on their 
upgrading opportunities (Amighini & Rabellotti, 2006; Carmine et al., 2024). Local 
firms not connected to MNEs are structurally disadvantaged, even when their internal 
capabilities are sufficient to compete.

When introducing Production-Efficiency Enhancers, the model reveals that 
cost-reducing technologies do not significantly change the overall distribution of 
upgrading events but have meaningful redistributive effects. Local firms, tradition-
ally constrained by geographically limited demand, benefit disproportionately from 
adopting these technologies. By reducing unit costs through the adoption of the new 
technologies, these firms become more competitive in bidding for contracts, thereby 
partially compensating for their lack of access to non-local client networks. In con-
trast, non-local firms, already advantaged by broader demand opportunities, experi-
ence only marginal gains from adopting efficiency technologies. These results suggest 
that cost-reducing I4.0 technologies may act as partial equalizers, reducing regional 

Fig. 11  Capability-Building Technologies: Relation between upgrading events and MNE contracts in 
different types of firms
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disadvantages without fundamentally reshaping industry structure. At the same time, 
the redistributive nature of these technologies underscores a broader point: technolo-
gies that primarily improve cost efficiency do not inherently generate new upgrading 
opportunities, but they strengthen existing competitive logics. They do not alter the 
capability requirements for performing new functions, nor do they modify the funda-
mental dependence of MSEs on client-driven demand. Their benefits materialize as 
they help firms meet existing quality or price thresholds, rather than enabling them to 
move into new value-chain functions. As such, these technologies support incremen-
tal upgrading rather than structural transformation.

The introduction of Capability-Building Technologies tells a different story. 
These technologies are designed to lower learning barriers and facilitate functional 
upgrading by enhancing firms’ ability to accumulate new competencies. Unexpect-
edly, however, the results show that they substantially reduce the overall incidence 
of upgrading. This counterintuitive outcome is explained by their dual effect: while 
they increase firms’ learning capacity, they simultaneously reduce external demand 
because client firms begin internalizing certain functions. In industries like fashion, 
where clients have strong incentives to centralize design, prototyping, or simulation 
activities, the adoption of capability-building technologies by lead firms can shrink 
the scope of activities that suppliers can perform. As a result, despite their potential to 
enhance learning, these technologies narrow the windows of opportunity available to 
suppliers by reducing market access. Indeed, the limited evidence on the implemen-
tation of additive manufacturing and simulation technologies shows that they tend to 
reduce customers’ dependence on suppliers (Ben-Ner & Siemsen, 2017; Dal Forno 
et al., 2023). Moreover, the model shows that the limited upgrading potential that 
remains under capability-building technologies is slightly skewed toward non-local 
firms, which can compensate for reduced domestic demand by accessing a broader set 
of clients. Local suppliers, already marginalized in the baseline scenario, face even 
stronger disadvantages when client-side technological adoption alters the boundaries 
of the value chain. This dynamics also point to a broader transformation in the locus 
and organisation of knowledge within the value chain. When capability-building 
technologies are also adopted by client firms, the accumulation of knowledge may 
progressively shift away from suppliers towards vertically integrated actors. In this 
sense, the reconfiguration of firm boundaries observed in the model can be inter-
preted not only as a change in the allocation of tasks, but also as a redistribution of 
knowledge across the industry, with important implications for long-term capability 
development (Steinmueller, 2006). Moreover, shifts in the distribution of capabilities 
across upstream and downstream actors can induce processes of integration or disin-
tegration, reshaping market structure and competitive dynamics over time (Malerba 
et al., 2008; Helfat, 2015). In our context, the internalization of advanced functions 
by lead firms may therefore not only reduce short-term upgrading opportunities for 
suppliers, but also generate longer-term risks of capability erosion and deskilling, as 
suppliers become increasingly specialized in narrower, lower-value tasks. This sug-
gests that technological change may reinforce asymmetries in knowledge and control 
within value chains, potentially leading to more concentrated and hierarchical indus-
trial structures (Gereffi et al., 2005).
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Taken together, these findings highlight the asymmetric nature of technologi-
cal windows in fashion. Technologies that reduce costs may modestly democratize 
upgrading opportunities, especially for geographically constrained firms. In contrast, 
technologies that restructure capability hierarchies may close upgrading opportuni-
ties for suppliers by shifting the locus of knowledge creation and production upstream 
to client firms. The results contribute to the literature on windows of opportunity by 
showing that technological windows are not uniformly beneficial (Lee & Malerba, 
2017; Hansen & Hansen, 2020) and may, under certain conditions, become “win-
dows of vulnerability” for smaller firms. They also refine the understanding of digital 
transformation in MSEs by emphasizing the importance of distinguishing between 
technologies that modify production efficiency and those that reshape learning 
dynamics and power relations in supply chains. The study thus underscores the need 
for a granular, technology-specific approach to theorizing digitalization.

Our findings have some implications for industrial and regional policy. First, poli-
cies promoting Industry 4.0 adoption among MSEs should avoid “one-size-fits-all” 
approaches. Technologies have different systemic effects: while efficiency tech-
nologies can support local upgrading, capability-building technologies may require 
complementary interventions, such as collaborative platforms, shared prototyping 
facilities, or incentives for lead firms to outsource advanced functions, to prevent 
unintended negative consequences. Second, regional development strategies should 
focus on reducing spatial inequalities in access to demand. The model shows that 
geography remains a key determinant of upgrading, suggesting that digital infrastruc-
ture and mechanisms to connect small suppliers to national and international clients 
can be powerful complements to technology adoption policies. Third, to prevent the 
internalization of key functions by lead firms from displacing supplier capabilities, 
policies could promote open innovation frameworks and encourage lead firms to 
maintain collaborative value-chain structures. This is particularly relevant in sectors, 
such as fashion, where craft-based knowledge and embodied skills remain essential. 
Finally, and more broadly, our findings speak to the renewed debate on industrial 
policy, suggesting that technological opportunities alone are insufficient to ensure 
upgrading and must be embedded within a coherent, mission-oriented policy frame-
work. As highlighted in the recent literature (Juhász et al., 2024; Terzi et al., 2023), 
industrial policy can be understood as a set of selective interventions aimed at direct-
ing the structure of production toward activities with higher long-term growth poten-
tial, particularly in contexts characterized by strong path dependence, coordination 
failures, and global competition, such as digital technologies and especially artificial 
intelligence (Fontana & Vannuccini, 2024). From this perspective, the non-determin-
istic relationship between technological windows and upgrading identified in this 
paper reinforces the view that markets alone may not generate desirable structural 
transformations. Instead, public intervention can play a fundamental coordination 
role in aligning firm behaviour, technological trajectories, and demand conditions.

This study has several limitations. The model abstracts from firm-level financial 
constraints, managerial skills, and institutional environments that influence real-
world technology adoption. It also assumes limited forms of inter-firm collabora-
tion, whereas empirical evidence shows that learning often occurs through networks, 
shared suppliers, and district-level institutions. Moreover, the modelling of client 
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internalization is stylized; future models could introduce heterogeneity in client strat-
egies or explore multi-tier supply chains. A notable assumption in the model is the 
use of a fixed population of supplier firms, which emerges from the mechanism of 
exit associated with replacement entry, and is motivated by the increased model com-
plexity that an explicit treatment of entry would require (Capone, 2024). Therefore, 
a natural extension of the model would be to relax this assumption, by explicitly 
modelling firm entry, exit, and the reallocation of market shares across heterogeneous 
suppliers. This would make it possible to capture changes in the size distribution of 
firms and to analyse how upgrading dynamics interact with processes of industrial 
restructuring. In this respect, empirical cases such as the Prato textile district, could 
provide an interesting setting, suggesting that structural change may occur not only 
through net firm exit, but also through compositional shifts within a relatively stable 
population, for instance via the entry of new Chinese producers alongside the growth 
of surviving incumbent firms (Dei Ottati, 2009; Lombardi & Sforzi, 2016). Such 
dynamics are often associated with increasing heterogeneity in firm size and organ-
isational forms, including the coexistence of larger, more integrated firms and smaller, 
more fragmented production units (Lazzeretti & Capone, 2017). Incorporating these 
mechanisms into the model would allow future work to explore how technological 
adoption interacts with demographic and structural transformations of the supplier 
base, and whether these changes reinforce or hinder upgrading trajectories. Another 
simplifying assumption concerns the absence of explicit costs associated with the 
adoption of Industry 4.0 technologies. In the model, technological adoption does not 
entail short-term financial burdens, such as the acquisition of advanced machinery or 
digital infrastructure, which in reality may temporarily compress profits and increase 
exit risks, especially for smaller firms, mirroring an analogous trade-off associated 
with robot adoption for large firms (Antonioli et al., 2024). As a result, the model 
does not capture potential “slump–rebound” dynamics, whereby short-term disrup-
tion and selection effects are followed by longer-term productivity gains. Introducing 
such costs, and more generally endogenising technology adoption decisions, would 
allow future work to investigate the interaction between financial constraints, firm 
selection, and the diffusion of advanced technologies, as well as their implications for 
industrial dynamics and upgrading trajectories.

Notwithstanding these limitations and the scope for further extensions, the model 
provides a coherent explanation of the main mechanisms that have shaped upgrad-
ing in the Italian fashion supply chain. By reproducing the interaction between geo-
graphical constraints, access to different types of clients, capability accumulation, 
and technology-specific changes, the analysis offers a robust framework for interpret-
ing both the historical evolution of the sector and the heterogeneous consequences of 
Industry 4.0 for micro and small suppliers.

Appendix

See Table 1.
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Parameter Value
Number of Simulations 50
Number of Periods 50
Number of Regions 500
Maximum Number of Suppliers (per Region) 500
Maximum Number of Clients (per Region) 50
Fraction of Local Firms 0.9
Maximum Capacity of Suppliers 50
Number of Functions 10
Unit Production Cost 10
Target Markup 2
Specialization Capability (Range) [0.2–0.5]
Other Capabilities (Range) [0–0.2]
Supplier – Maximum Increase in Price 0.05
Supplier – Maximum Decrease in Price 0.005
Client – Maximum Increase in Quality 0.05
Client – Maximum Increase in Price 0.05
Client – Maximum Decrease in Quality 0.01
Client – Maximum Decrease in Price 0.01
Fraction of MNEs 0.1
Size of MNEs 500
Maximum Size of SNCs 300
Price Weight for MNEs 0.25
Price Weight for SNCs 0.75
Learning Rate 0.01
Investment Rate 0.5
Fraction of Technology Adopters 0.1

Table 1  Parameter values of the 
baseline model
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