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Abstract

Globally, manufacturers are under increasing pressure to line up their products and
processes with the evolving market demand. This underscores the importance of
embracing nascent manufacturing technologies, with digitalisation being a critical enabler
for productivity and competitiveness. However, many low-income countries in the Sub-
Saharan Africa region are lagging behind; limiting them from enhancing their productivity
and competitiveness. This paper is therefore organized to examine manufacturing
digitalisation localising pathways supported with implementation digitalisation index. A
thematic survey-based SWOT analysis and TOWS matrix, identifying transformative
areas of action, and synthesising various digitalisation variables have substantiated the
evolved digitalisation index. It also offers key challenges that need attention during the
localisation while defining strategies and policy approaches including perceiving
knowledge towards digital transformation, describing benefits from digital success stories,
focusing on localised innovation ecosystem, and enriching the process of digital
transformation through capacity building. The study then synthesised findings, solely
sourced from secondary data, to verify the long-term resilience and benefits of localising
the manufacturing digitalisation. The cutting-edge implication of the study in the cased
region is finally shown in fostering cross-organisational synergy of the manufacturing
industry through boosted productivity, enhanced competitiveness, enriched value
addition, and through focused sustainability ecosystem.

Key words: Digitalisation index; Enabling pathways; Manufacturing industry;
Productivity, Competitiveness; Sub-Saharan Africa
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Article Highlights
e Manufacturers are under increasing pressure to adapt their products and
processes to meet the evolving market demands.
e Manufacturing digitalisation is key enabler for innovation, productivity, and
competitiveness of manufacturing industries
e |tis substantial for Sub-Saharan Africa stakeholders to localise digital technologies
in their manufacturing industry

1. Introduction

Prior to the COVID-19 pandemic, several economies in the Sub-Saharan Africa (SSA)
have experienced their fastest growth since independence [1]. The manufacturing sector
has been emerged as one of the key drivers, contributing approximately 13% to the
region’s gross domestic product [2]. It has increasingly forged connections with the global
economy [3] capitalising on opportunities such as the African Growth and Opportunity Act
[4] and the African Continental Free Trade Area [5]. Africa’s youthful population [6] on the
other hand has been offering significant potential for catalysing changes and innovations
in the continent [7].

Despite those capabilities, the sector has not yet been transformed in localising digital
technologies in SSA in general in Central, East, and West Africa in particular. Significant
number of countries in the region still lack holistic manufacturing digitalisation policies. It
is in its infancy of development and has yet to align with Industry 4.0 standardized
manufacturing in order to convey substantial economic impact in the region [8, 9, 10].
Several challenges [11, 12, 13] could be listed including:

1) Lack of cohesion, cooperation, and harmonisation among regional digitalisation
actors. There are problems of formulating regional digital strategies and delivering
the strategies on the ground through specific intervention guidelines,

2) Insufficient supervisory capacity to identify and mitigate risks exacerbated by
digital technologies. High levels of digital literacy and knowledge gap to mitigate
risks raising from the digitalisation such as cyberattacks, fraud, and excessive debt
which are yet again hindering the manufacturing industry’s ability to embrace
innovation and emerging technologies,

3) A growing divide between those who can afford the latest technologies and those
who cannot. This could be either because of governments’ policy for the
localisation or because of economic weakness of nations to implement the
localisation,

4) Feeble monitoring and evaluating digital strategy implementation.

On the other hand, the economic potential of digital manufacturing is becoming
increasingly evident both in terms of industrial development and the broader business
environment [14, 15]. The COVID-19 pandemic has further underscored the urgency for
adapting digitalised manufacturing processes in the SSA [16]. This implies, the existing
competitive market is urging manufacturers in the region to integrate digital manufacturing
into their production systems [17]. It is subsequently critical for manufacturers, policy
makers, digital technology regulators, academics, and other responsible entities across
Africa to strategically collaborate for localising the digital technologies in their
manufacturing industry. The collaboration strategies and policies [18, 19, 20] that
stimulate the localisation include but not limited to knowledge towards digital



transformation; good communication and description of benefits from digital success
stories; innovative agreements with research centres and innovation agencies; and long-
term digital transformation. The responsible entities meanwhile have to define a
regulatory framework constructed with virtual safety, data setting, data availability, etc.
For this purpose, the different topics of regulation [21] (including localising digital
technologies to foster circular economy, establishing e-government for promoting
optimization, digitization and modernization of public administration and judiciary
experienced in the high-income countries), have to be counterfeit into the African
manufacturing ground.

This paper is therefore organized to provide policymakers, government officials, and
manufacturers - in the Sub-Saharan Africa particularly in Central, East, and West Africa -
with strategies for transitioning their manufacturing sectors towards digitalised production
processes. A digitalisation index is framed to show ‘enhanced collaboration across
stakeholders can foster manufacturing digitization in the region’. The ultimate goal is
promoting and ensuring sustainable industrial growth, integrating more effectively with
high-income economies, and advancing the continent’s Sustainable Development Goals.

2. Review of literature

Manufacturing is a continuously evolving process, from concept development to use of
complex methods and tools [22]. One of the key advancements in this evolution is an IT
supported manufacturing digitalisation, which has particularly become integral to
economic activities in the high-income countries. The evolution involved embedding
computer technologies into business processes, and making digitalisation essential for
modern manufacturing [23]. As a result, manufacturing digitalisation, often described as
part of the Industry 4.0 movement, is playing a significant role in enhancing the artefacts
of the manufacturing industry by integrating digital technologies into their manufacturing
processes [24]. Plenty of studies have verified its substantial benefits in the high-income
countries. Manufacturing costs, production downtime, product design and development
cycles, energy conservation, integrating manufacturing components, etc. are among the
parameters considered for the benefit verifications.

[25, 26] for instance have validated its promising solution for integrating systems,
machines, sensors, employees, and end-users in a manufacturing system. [27] have
likewise highlighted that manufacturing digitalisation is potential in reducing
manufacturing costs and downtime while [28] showed it can improve energy by achieving
optimal energy usage and reducing industrial air pollution. [29] additionally have found
that digitalisation lowers production costs in automobile manufacturing. [30] on the other
hand have emphasized how digitalisation reduces production downtime and maintenance
time, noticing the importance of integrating digital technologies with Total Productive
Maintenance for creating effective maintenance pathways and smart manufacturing.

Manufacturing digitalisation is also recognised as product quality enhancing framework
[31]. In this manner, [32] have demonstrated ‘integrating sensor technologies and digital
models significantly improves product quality while also reducing production costs in steel
plants by combining quality assurance with production planning and control systems’.
Advancements in information and communication technologies [33], the Industrial
Internet of Things (IloT) [34], computational power [35], smart manufacturing [36], and



virtual manufacturing systems [37] are some of the key digital technologies accelerating
the product quality enhanced benefits.

Besides, the advancement of digital technologies has been crucial in accelerating product
development cycles and enabling swift responses to production and product delivery
demands. The lloT is an example of such a transformative technology. Its applications
include Radio Frequency ldentification [38], Wireless Sensor Networks [39], big data
analytics [40], virtual manufacturing [41], and smart sensors [42]. These technologies are
considered vital enablers for smart manufacturing, allowing manufacturers to optimise
production processes through real-time data. [41] have for instance acknowledged the
impact of virtual manufacturing noticing its potential for optimising production through
real-time data. Additive manufacturing has furthermore introduced new technologies that
have stimulated the development of novel materials, influenced product design, and
enabled applications such as bio manufacturing [43].

Table 1 is likewise framed to illustrate additional emerging technologies, theoretical
concepts, and their implementation techniques in the effective deployment of
manufacturing digitalisation. The theoretical concepts, that integrate technology adoption,
innovation system, and digitalisation localisation model, are detailed to highlight
‘digitalising manufacturing industry holds transformative and real-time influence for
boosting productivity and enhancing competitiveness’. The concepts additionally show
that manufacturing digitalisation is a strategic move to stay efficient and resilient in the
fast-moving global market.

To sum up, the above-listed studies substantiate the wider benefit rage of digitalised
manufacturing in the high-income countries. The triangulated benefit variables for
example have a positive relationship to each other to witness implementing digitalised
manufacturing is exponentially imperative. However, there are barriers preventing
manufacturers from adapting it and that need attention during its implementation
everywhere. Some of the barriers include integration complexity, process challenges,
workforce adaptation, interoperability challenges, leadership challenges (fear for data
loss control, fear for transparency), environmental challenges (lack of standard, lack of
regulatory laws), etc. [44, 45]. Addressing these hurdles then demands robust investment
in skills development, collaborative policy frame-working, and standardising protocols to
ensure the seamless adaptation.



Table 1 Characterization of state-of-the-art manufacturing digitalisation technologies and key theoretical concepts
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2.1 Contextual survey on digitalisation of manufacturing in the SSA

Digitalisation has already made a considerable impact across various other development
and administrative sectors in Africa. Small business supply chains [64], urban
development addressing climate change [65], sustainable agri-food systems [66], digital
marketing and tourism [67], and e-governance [68] to list some applicability impacts.
These case studies illustrate the prevalent success and practicality of digitalisation in the
service industry though the manufacturing digitalisation yet remains relatively immature.
This comparative fact is relative to the development pattern of manufacturing industry in
the Sub-Saharan Africa which dates back to the 1980s [69]. Since then, it has played a
significant role in generating jobs, particularly for the less-educated workforce. However,
despite its emergence, the sector has not advanced to higher levels of technology
adaptation and subsequently to productivity performance [17]. The growth patterns of the
industry, when viewed from the perspective of comparative development trends such as
digitalisation, have been notably inconsistent [1].

Yet, there are a few achievements in digitalising manufacturing processes with variety
among the different regions in the continent. Research by [70] for instance highlighted the
positive impact of digital technologies on innovation in South Africa, showing that these
technologies have increased labour productivity in small manufacturing enterprises. [71]
have meanwhile emphasized the role of digital technologies for improving the
performance of manufacturing firms, particularly in South Africa. [72] have also framed
the use of intelligent manufacturing systems to address the challenges posed by the
COVID-19 pandemic. Additionally, [73] have laid the groundwork for digital strategies and
conducted a comparative analysis of advancements in digital transformation within the
manufacturing sector, focusing on South Africa.

Despite these insights, the interaction between digitalisation localisation framework and
technology acceptance model remains underexplored. Many low-income countries in
SSA region are still lagging behind the digitalised manufacturing process [74]. Countries
in East Africa, Central Africa, and West Africa are among the countries facing challenges
and slowly progressing in localising the industry 4.0 standardised digitalisation
framework. This slow progress may be due to lack of deep exploration of challenges that
are hindering the localisation and lack of multiple scientific studies that prioritize digital
manufacturing localisation models. This localisation of digital manufacturing technologies
in the SSA region is therefore organized to intersect with a range of theoretical
digitalisation localisation models such as shown in Fig. 1. This is due to the fact that
localising manufacturing digitalisation requires enthusiastic understanding of regional
contexts, and understanding of technological adoption, development, and innovation
grounded in socio-technical and institutional baselines in the region.



[ Institutional policies and strategies ]

[ Tech-regional capabilities such as networks and skills ]

[ Socio-economic integration and benefits ]

[ Digitalisation localisation index ]

[ Adapted pathways to localise manufacturing digitalisation ]

Fig. 1 Digitalisation localisation model

3. Methods

The paper involved reviewing thematic materials and discussions to create a digitalisation
index, which outlines pathways for digital action, policy needs, and collaborative
approaches to enhance the digitalisation efforts. Four key methodological components
are employed for this purpose as shown in the Scientific Procedures and Rationales for
Systematic Literature Review (SPAR-4-SLR) protocol presented in Fig. 2 and narrated in
the upcoming sub sections.
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Fig. 2 (SPAR-4-SLR) protocol
3.1ldentification and acquisition of materials

The primary component involved systematically assembling and arranging relevant
materials to assess the impact of digitalised manufacturing both in the high-income
regions and the SSA region. For this purpose, 68 previously published studies and titles
were retrieved though 53 qualitative studies (which include peer-reviewed journal articles,
conference papers, books, and online reports) have been finally identified and selected
by excluding ~22% from the total retrieved.

3.2Purification and organization

Methodology change, non-peer-reviewed sources, repetitive review, and suggestions
from other stakeholders such as academic partners were the purifying approaches while
databases such as Google Scholar, Science Direct, SCOPUS, Research Gate, etc. have
been utilised to trace and organize the identified resources within a search period
between February 2024 and April 2025. Digital manufacturing, technology localisation,
manufacturing competitiveness and productivity enhancement, technological adoption
challenges, infrastructure development, and digital skills development remained among
the specific search keywords in these databases. The solely secondary data sourced
review findings were then synthesised in order to validate data from the existing
theoretical base by using state-of-the-art digital technologies and implementation
techniques as key criteria.

3.3Comparative assessment

The subsequent task has focused on assessing the current state of manufacturing
digitalisation using SWOT analysis (Strengths, Weaknesses, Opportunities, Threats) and
TOWS matrix (Threats, Opportunities, Weaknesses, and Strengths) to substantiate the
evolved manufacturing digitalisation and to explore implementation challenges by
triangulating all the SWOT factors. TOWS is selected over PESTEL because it does not
fully concentrate on external factors that PESTEL (Political, Economic, Social,
Technological, Legal, and Environmental) do [75].

3.4Benchmarking and reporting

Benchmarked digital documents, analysis, and presentations were adapted as existing
artefacts to apply the digital localisation within context of manufacturing industry in the
region. To support the adaptation, a framed manufacturing digitalisation index was
developed by identifying transformative areas of action and synthesizing various
digitalisation variables. Policy perspectives and recursive collaboration framework then
methodologically framed to verify its practicability. Finally, the results were thematically
analysed to report the novelty of the study by triangulating various digitalisation trends,
tendencies, and implications and to present some limitations for takeaways.

4. Results and discussion

In the first two sections, important topics, research gaps, and emerging trends of digital
localisation were studied in a systematic and qualitative ways. This section is organized
to objectively report findings and to interpret and explain them why they matter. Policies
and implication analysis then followed to ensure the applicability of the proposition.



4.1 The TOWS analysis

Studies such as [76] have verified that it is beneficial for manufacturing industries, which
are transforming from legacy business models to adapting digital strategies, to analyze
Threats, Opportunities, Weaknesses, and Strengths of emerging technologies in their
production systems. Two strategic analyzing procedures namely the SWOT [77] and the
TOWS [78] are most commonly in use to identify and examine internal factors (strengths,
weaknesses) and external factors (opportunities, threats) and consequently to develop
strategic options by matching the internal and external factors respectively. This is due to
the fact that both metrics are being considered as elements of strategic application
management in manufacturing companies [79]. In line with this, an extensive and
thematic survey-based SWOT analysis and TOWS interaction matrix are discussed in
this sub-section to substantiate the evolved manufacturing digitalisation index in sub-
section 0.

4.1.1 The SWOT analysis

As highlighted earlier, manufacturing digitalisation localisation is a strategic integration of
digital technologies with localised production processes and operations aimed to improve
local reactivity. This digitalisation framework then has its own strengths and weaknesses
as offered in the imminent tables.

Table 2 Strengthening (Si.») factors for localising the digital manufacturing

Strengths Descriptions

S71 Increased Digital transformation enables manufacturers to streamline

efficiency production processes, resulting in increased operational efficiency
and reduced production lead times, lowered costs, etc. [80, 81].

S2> Data-driven This supports improved accuracy, faster insights, predictive
decision- capabilities, and cost reductions [82, 83]. It also increases quality of
making manufacturing companies.

S3 Increased Cloud computing, information technology, and the lloT has led to
agility streamlining of companies' operational performances through faster

processing of big data and exchange of information in real-time
across their production supply chain [84, 85, 86].

S4 Quality Studies such as [87, 88] have validated that smart manufacturing
assurance pulls inspection and digital quality assurance processes.

Ss Customization  The existing digital channels of manufacturers involves offering
personalized products, services, and experiences and gathering
feedback and insights to drive product innovation [70-80, 89].

Ss Continuous Digitalisation improves process stability whilst increasing employees

improvement competencies at the same time [90, 91]. This is realized by

integrating continuous improvement strategies with the framework of

digital manufacturing.

Table 3 Weaknesses (W..») that need to be considered while digital localisation

Weaknesses Descriptions

W; Dependence on This could be problematic when something fails down during
technology production operation such as power outage




W- Struggle for This could, for example, be adaptability problem to time-oriented
flexibility dynamism of customer demands

W3 Potential for When digitalisation is in action, unless it is fully protected, it has
cybersecurity high vulnerability to malware and other security threats

Opportunity factors: are detailed in Table 5.

Table 4 Threatening (Ti-n) factors to localise the digital manufacturing

Threats

Descriptions

Tq

Unemployment
[92]

Digitalisation carries a high risk of workforce displacement, either
through unemployment or through the relocation of employees'
roles. The threat lies in addressing employees' reluctance to
acquire new digital skills and preparing them mentally for the
impending transformation. This issue represents a significant
hurdle in the region’s manufacturing sector [93].

T> Digital Literacy A substantial knowledge gap in the region, where high levels of

[74, 94] digital literacy is available, hinders the industry’s ability to
embrace innovation and implement emerging technologies [94].

T3 Insufficient The lack of robust academics and research and development
Scholarly institutions, coupled with challenges in fostering innovation and
Engagements technology development [96], exacerbates the slow adaptation of
[95] digital technologies.

T4+ E-Services Effective manufacturing digitalisation necessitates strong ICT and
including E- transparent governance [98]. However, both remain in their
Governance infancy across much of the SSA, hindering ability to fully support
[97] digitalisation efforts.

Ts Financial The high costs associated with implementing advanced
Constraints technologies is limiting their adaptation in many low-income
[94,99] countries. Without adequate financial support, scientific

innovations and prototypes are at risk of stagnation.

Te Privacy and The increasing generation of data, coupled with the evolution of
Security new technologies within business environments, raises significant
Concerns [100] privacy and security risks. These concerns might then pose [101]

localisation in the region

T7 Policy Most of the time, policies on emerging technologies demand
constraints financial support, political commitment, academic engagement,
[102] data privacy safeguarding, etc. These variables might therefore

be difficult to easily access in emerging economies




Table 5 Opportunity (Oi.n) factors to localise digital manufacturing technologies

Opportunities

Descriptions

O1

Assertive space to
install inclusive
ICT

The SSA has increasingly positioned itself as a key beneficiary in establishing inclusive and
sustainable ICT [103]. This effort aims to bridge the digital divide with high-income countries globally
[94]. The convergence of wireless applications offers promising opportunities for consolidating ICT-
enabled solutions in resource-constrained African countries [104].

O2 Established There is a need of international recognition to enhance the effectiveness of law-making bodies and
Continental regulatory agencies through capacity-building initiatives aimed at digital transformation [12]. There is
Coordination meanwhile a potential for regional harmonization to facilitate trade and the identification and
Framework verification of digital transactions.

O3 Increased Digital "The Digital Economy for Africa Initiative" [105], launched in 2018, is one of the significant drivers of

Momentum in

digital momentum. The initiative aims to ensure that by 2030, every individual, business, and

Africa government in Africa will be digitally enabled, supporting the African Union’s "Digital Transformation
Strategy for Africa (2020-2030)" [12]. It is organized to achieve objectives such as harnessing digital
technologies and innovation to transform African societies and economies; promoting integration
across the continent; generating inclusive economic growth; bridging a digital divide; etc.

O4 Industry 4.0 Both SSA and the global manufacturing sector must transition from traditional control systems to

Deployed Smart
Manufacturing
Framework

more agile systems [106]. Industry 4.0 [13] provides a smart manufacturing framework crucial for
organizing an entire manufacturing value chain. The Sub-Saharan African community should
therefore leverage these opportunities without the need for benefit validation.

Os

Availability of
Digitally Leading
Countries in Africa

Several countries within the SSA have made significant strides in the digital economy. South Africa,
in particular, stands out as a leader in digital manufacturing [107, 108]. Low-income countries in
SSA should henceforth collaborate with these more digitally advanced nations to ensure the
effective digitalisation of manufacturing across the region.

Os Availability of The Common Market for Eastern and Southern Africa [109], the Economic Community of West
Regional African States [110], and the Intergovernmental Authority on Development in Eastern Africa [111] to
Economic mention some. These RECs, in partnership with international stakeholders, play a vital role in the
Communities socio-economic development of low-income countries and have a unique opportunity to facilitate
(RECs) cross-border digital transformation. They also significantly contribute to bridging the digital divide

[94] between high-income countries and African nations, as well as among member states.

O7 Capacity for Digitalised manufacturing requires a stable and sufficient power supply [112]. SSA, particularly low-
Renewable Power income countries in the region, has significant potential for renewable energy generation, especially
Generation hydro-power [113]. The Nile River basin, spanning 11 countries in the region and serving over 238

million people [114], represents a major opportunity for powering digital manufacturing and
facilitating their localisation within the region.




4.1.2 The TOWS interaction matrix

An action is now required to come up with fruitful ideas of how to best use information
based on the SWOT factors identified. A TOWS interaction matrix, shown in Table 6, is
hence developed here to triangulate the four strategic options (SO, ST, WO, WT) of the
localisation. The goal is to promote and create an optimal localisation scenario, and to
develop strategic options by navigating the strengths, removing the weaknesses, taking
advantages of the opportunities, and by reducing the threats.

Table 6 TOWS factors interaction matrix (adapted from [78]); where i = 1 up to n is the
number of SWOT factors

Internal factors
Strengths (Sin) Weaknesses (Wi.n)

SO: Leverage existing strengths | WO: Minimize weaknesses to
Opportunities | to capitalize digital opportunities. | take advantage of digital
(Oin) E.g., Build strong ICT opportunities. E.g., Devote in
infrastructure digital skills

WT: Address weaknesses to
reduce the impact of
digitalisation threats. E.g.,
Ensure robust cybersecurity

TOWS

ST: Leverage existing strengths
Threats (Ti.n) | to mitigate digitalisation threats.
E.g., Trust in new digital product

External factors

4.1.3 Findings of the SWOT analysis and the TOWS interaction matrix

From using the SWOT analysis and TOWS interaction matrix on the localisation of
manufacturing digitalisation process, it was found that the process is a socio-economic
transformation requiring strong strategic collaboration and workforce evaluation and
addressing the different threats including skill gaps, barriers, and security issues. It was
also found that the TOWS matrix helps to go beyond actionable strategies by prioritizing
the WT strategies for de-risking the transformation. The actionable strategies and policies
should therefore be efficiently shaped while mitigating the potential threats for enhancing
the regional manufacturing industry’s resilience.

4.2 Africa led enabling pathways to localise digital manufacturing technologies
The TOWS analysis in sub-section 4.1 validates that though it has its own implementation
threats and weakness, digital manufacturing mostly wires its strength for transformative
changes of latecomer economies [115]. It involves choosing digital technologies,
evaluating them, implementing local policies, and carrying out structural reforms. By
examining the current level of manufacturing digitalisation in the SSA, a framed
digitalisation index is developed in this paper, Fig. 3. The key drivers for localising the
digitalisation are presented in Fig. 3(a), while the need for Industry 4.0 to penetrate all
factory operations to ensure automation of processes in Fig. 3(b). To ensure the
implement-ability of the index, identifying digitalisation index variables, proposing policy
perspectives, and framing a recursive collaboration approach were necessary. Ultimately,
by measuring the level of digital adaptation and integration in its environment or system,
the goal is to digitally transform the manufacturing industry in the region.
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4.2.1 Variables and areas of action to develop the manufacturing digitalisation

index

To measure the level of adapting the manufacturing digitalisation and integration in the
digitalisation environment, technology, processes and management practices, and
employee qualification are identified as decisive and complementary variables as shown
in Fig. 4. [118, 119, 120] are cited to define those variables. Three of the variables are
made to have their own parameters complementary to each other such that one has

relative impact on the value of the other.

Manufacturers
and digital
technology
regulators

§ Unidirectional relationship of
specific success factors of
manufacturing digitalization
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The infrastructural technology provides open interfaces for the free scalable use of
resources such as machines which enable operating sequences in short set-up times
[118]. Similarly, while the reliability guarantees the right data, the adaptability capability
adjusts new information for flexibility purpose. Processes and management practices are
also identified as necessary variables because tasks are not solvable alone due to
complexity [118]. Mapping digitalisation plan, conducting performance review, and
recognizing best performing could be mentioned among the potential management
practices. Collaborative transformation in those processes, capabilities, and offerings
within industrial firms and their associated ecosystems progressively creates, delivers,
and captures increased service value [121, 122]. This verifies applying process-centric
digitalisation of operations in manufacturing companies increases productivity and
competitiveness. Workers at all levels of digitizing companies should on the other hand
get sufficient skills training compendium. This supports operating new technologies within
the framework of organisational innovations [120]. Employees and manufacturing
companies need to keep up with new knowledge, on idea conception, ERP, engineering,
production, recycling, etc., as changes due to new knowledge intense work [118].

4.2.2 Policy approaches

After identifying the digitalisation drivers and areas of implementation actions, the next
step is to establish clear policy approaches and implementation strategies. Well-defined
policies can drive economic growth across various sectors. The following ten policies,
with their responsible private and public responsible entities in Fig. 3(c), are therefore
discussed to fully localise the digital manufacturing in the region defined. They are
selected based on the modern industrial policy perspectives of latecomer economies and
based on their capability to be customized to nations’ policy and political economy in the
SSA region. Studies such as [123, 124] have also supported their implications for digital
economy and digital industrial policy.

Policy 1 - Define manufacturing digitalisation challenges
It focuses on identifying and addressing challenges and/or threats that hinder the
envisioned localisation. It serves as a foundation for accelerating the development of



digital services. Academia, technology developers, and policymakers are among the key
responsible entities to implement this policy.

Policy 2 - Develop inclusive digital economy

Developing an inclusive digital economy requires sustained and coordinated efforts from
digitalisation stakeholders as a robust digital economy fosters Industry 4.0 oriented
culture [125, 126]. National policy frameworks and international agreements must
therefore prioritize financial inclusion, innovation, and growth while also protecting people
and the environment, ensuring fair competition, and maintaining a sustainable tax base.
For this purpose, governments, policymakers, and digital technology regulators have to
collaboratively focus on endorsing digital literacy, ensuring impartial digital access,
transitioning digital divide, and on fostering a supportive digital business ecosystem.

Policy 3 - Create next-generation scholars and operating models

The African Union has identified human development as one of the core pillars for a digital
Africa [12]. Integrating locally available resources with international digital knowledge
platforms is a key action. Promoting the training of digital specialists, establishing
knowledge hubs, updating curricula to meet evolving digitalisation needs, and providing
consultancy services are key aspects of this policy [23]. Governments, policymakers,
academia, digital technology developers, and knowledge-providing platforms are among
the implementing entities of it.

Policy 4 - Invest in digital technology innovations

Stakeholders in the digital sector must invest in the local development of digital
technologies to reduce dependency on imported devices and tools. This investment could
include expanding telecom networks, promote the local manufacturing of ICT and
networking devices, and organize international conferences to introduce digital
technologies to manufacturers. For this purpose, governments, development partners,
regional economic communities, telecom companies, and manufacturers should work
cooperatively.

Policy 5 - Tax reduction for digital technology investors

To stimulate an inclusive digital economy, organizations that invest in digital technologies
should receive tax reductions. This is because tax reduction incentive policy can promote
extent of organization’s” digitalisation [127] through implementing financial effect test and
through triangulating self-resilience for digitalisation. Governments, policymakers, and
digital technology regulators are responsible for executing this policy.

Policy 6 - Strengthen intra-Africa collaborations

Developing partnerships focused on the localisation of digital technologies within the
intra-Africa alliances can provide governments and policymakers with options to attract
private investors, accelerate manufacturing processes, and ensure industrial growth.
Governments, policymakers, regional economic communities, development partners, and
manufacturers should therefore work together for its implementation.

Policy 7 - Implement simultaneous digital readiness assessments

Key assessment variables include scope of the digital strategy [128], customer
requirement identification, market competitiveness, employee readiness to adapt digital
culture, and the digital maturity of organizations [129]. Academia, policymakers, and



digital technology developers should hence engage to evaluate those assessment
variables.

Policy 8 - Fully utilize different opportunities at hand and leveraged by digital promotors
It is required to avoid and/or minimize shelving of digitization documents and platforms
adapted from high-income countries. Digital technology regulators, policy makers, and
technology developers in charge of implementing this policy.

Policy 9 - Promote control and monitoring

The progress of localising digital technology should regularly be monitored and evaluated
by digital economy regulators [130]. This ensures the goals of digital localisation are being
met and challenges encountered during the implementation process are addressed
effectively, Fig. 3(d). Governments, digital technology regulators, and manufacturers are
the responsible entities for this policy.

Policy 10 - Ensure sustainability

Digital manufacturing must be safeguarded within the framework of green manufacturing
systems [61, 62]. To achieve this, SSA should increase investments in renewable power
generation and encourage manufacturers to adapt eco-friendly production systems in
their factories. Governments, environmental management authorities, academia, and
digital knowledge platforms are the key responsible bodies.

4.2.3 Recursive collaboration framework

As knowledge of new technologies often exists outside the boundaries of industry, it is
essential for research institutions and centers of excellence to collaborate on significant
projects [131]. The aim is to expand the benefits of digital technologies. A recursive
collaboration approach, involving key entities and digital stakeholders as shown in Fig. 5,
is consequently contexed in this paper. The goal is to utilize the opportunities and
strengths described in sub-section 4.1.1 and efficiently implement the policies outlined.

A recursive collaboration framework is an iterative, feedback-driven approach to
collaboration where decision entities - human or artificial - engage in cycles of reflection,
adaptation, and refinement [132]. In order to therefore implement the recursive framework
in Fig. 5, the collaborating entities are grouped into three clusters (Cs) using a recursive
kernel. Recursive kernel is selected because it is a Viable System Model (VSM) to show
recursiveness of decision entities that enable real-time monitoring, fault detection, and
adaptive control of manufacturing processes [133]. It is employed to demonstrate the
structural alignment of the proposition, illustrating the hierarchical relationship of decision-
making entities from top to bottom, with that of the governing structure of nations in the
region. That is, the recursion process continues inside an operating unit, same
configuration exists with local management, and all decisional entities decide at their own
level by designing iterative processes, fostering open communication, integrate adaptive
tools, and by monitoring and reflecting until the required level of detail ends.
1) Cis: Government, policymakers, Regional Economic Communities, digital
technology regulators, and environmental management authorities,
2) Co2: Development partners and funding organizations,
3) Cs: Academia, digital technology developers, digital knowledge platforms, telecom
companies, and manufacturers.



Members of C; are placed at the top of the recursive loop to indicate their responsibility
for strategic-level decisions normally aligned with the governance structure (whatever the
administrative governance structure is) of nations in the region. They are tasked with
defining the purpose, mission, and vision of localising digital manufacturing. Furthermore,
they are placed there to determine the technologies to be used for localising digital
manufacturing and strategically analyse the return on investment for digitalisation efforts.

Strategic .
level 0{}
& .
8
g L
g Tactical 'F'c-,- )
E level 'PzG
bt %,
= b,
& %
Operational
level
g T T T T T T |
G-
E E ERP Product
. Idea i Erl_l':',i.tl i ) : ; -
é 2 conception Design eering Scheduling  Production fseeﬂme Recycling
[E £5 Production processes required for the physical transformation loop
Key

+—» Bidirectional recursive communication
Fecursiveness 1s identified by color

ERP stands for Enterprize Eesource Planning
Fig. 5 Recursive collaboration framework

Members of C> and Cs in the figure are positioned below C; to represent their role in
tactical and operational decisions. These clusters are placed parallel to each other,
signifying that their contribution is of similar importance. Key collaborative cooperation
variables between C, and Cs include:
1) Deciding the starting point of digital transformation,
2) Understanding digital capabilities of the five production Ms (machines, man,
materials, money, and methods) within a factory,
3) Defining technology partners to systematically demonstrate the business value of
the digital manufacturing journey.

The responsible entities, organized into three clusters, must therefore be allocated
according to the recursive governmental structure of Sub-Saharan African member
states. This ensures a comprehensive, interoperable, scalable, upgradable, functionally,
and profitable digital localisation process. On the other hand, the recursive framework is
made to incorporate the concept of Cyber-Physical Systems (CPS) in the digital
localisation for transformative manufacturing [134]. To effectively localise the digital



manufacturing, there must be a strong link between the physical transformation loop and
the virtual decision loop. Possible linking variables between the cyber system and the
physical transformation system could include production processes such as evolution,
design, implementation, evaluation, and ramp-up processes [135].

4.3Discussing the localisation implications

The paper aims to propose Africa led pathways, policies, and a recursive collaborative
approach for digitizing manufacturing in the SSA. The pathway acknowledges
digitalisation as a key driver for innovative, inclusive, and sustainable economic growth.
This part is consequently organised to show the novelty of the study by analysing the
theoretical contributions, economic implications, and sustainability considerations of the
proposition.

4.3.1 Theoretical Contributions

Our paper contributes to the relevant literature in various ways. Initially, it explores how
manufacturing digitalisation can be applied in industries in order to improve organizational
performance. Second, this paper sets Africa led digitalisation path ways, areas of action,
policy approaches, and collaboration framework for implementing the emerging thematic
area. The goal is to offer policymakers, government officials, researchers, and
manufacturers strategies for transitioning the manufacturing industry to digital production
processes. The authors therefore argue that the findings on digital localisation provides
a unique development patterns compared to existing theoretical contributions.

4.3.2 Economic implications
Recent studies, particularly those published after the outbreak of COVID-19 pandemic,
show that initiating digital manufacturing is becoming one of the solutions for a resilient
future [136]. [137] for instance confirm that the effective adaptation of digital technologies
can reduce costs and improve the flexibility of manufacturing systems. [138] have outlined
the following four economic benefits of digital manufacturing in production workloads:

1) Higher revenue through faster time-to-market,

2) Lower bill of materials cost,

3) Reduced internal procurement expenses,

4) Lower inventory investment.

Localising digital manufacturing, with a focus on a circular economy, is therefore expected
to play a significant role in creating jobs, increasing productivity and competitiveness,
driving GDP growth, and in improving society in SSA. The authors believe that
implementing policy recommendations based on this approach will accelerate economic
development in the region.

4.3.3 Sustainability implications

Current manufacturers are facing growing demands to adapt their products and
processes to meet sustainability standards [52]. This involves improving sustainable
industrial practices and performance assessment, which are increasingly important in
discussions [139]. Smart manufacturing [140], cloud manufacturing [141], and digitalised
sustainable manufacturing [142] are among the key focal points, enabling intelligent
decision-making to achieve the most sustainable manufacturing processes.



Digital stakeholders in SSA must therefore remain focused on explaining and ensuring
the importance of transitioning to digital manufacturing. In promoting policy and
sustainability implications, the following factors should be considered:

1) Determining the current competitive market,

2) ldentifying customized customer requirements,

3) Assessing the capacity of employees and companies to transition to a digital

culture,
4) Evaluating the impact of digitalisation on unemployment.

5. Conclusion and future works

In conclusion, this paper has examined diverse perspectives on manufacturing
digitalisation through thematically surveying a range of studies. The purpose is to provide
a comprehensive overview of the existing significance of digitalisation and to highlight the
way forward for future researchers on gaps that this paper hasn’t addressed. The findings
consequently reveal a universal consent on three key aspects of the digitalisation. First,
it analyses how digitalisation is driving economic transformation in high-income countries
by focusing on cutting-edge technologies and implementation methods in manufacturing
industry. Cognizant of this, it was known that manufacturing digitalisation fundamentally
alters production landscapes through technologies such as loT, digital twins, Al, etc.
These innovations drive unprecedented efficiency, customization, and sustainability of
manufacturing industry positioning Industry 4.0 as a cornerstone of modern industrial
progress. Next, it has discussed the current level of manufacturing digitalisation within the
SSA region, highlighting the challenges it faces using SWOT analysis and TOWS
interaction matrix. Adapting a policy-oriented manufacturing digitalisation index that
outlines the drivers for digitalisation, key areas of action, responsible parties, and
monitoring measures were the third aspect that come into examination with plenty of
studies supporting the adaptation. At this level, various technological trends are
synthesized by considering technology, processes and management practices, and
employee qualification as decisive variables to measure the level of adaptation and to
ensure its long-term resilience and benefits. The goal is to play a crucial role in guiding,
measuring, and filtering the digitalisation enabling pathways discussed.

The digitalisation index on the other hand was supported with exploring digitization
variables, policy approaches, and with recursive collaboration framework to ensure the
relevance of the adaptation. Modern industrial policy and strategy perspectives and
regulatory frameworks practiced in the high-income economies have been consulted
during the exploration. It is because addressing the digitalisation challenges demands
robust investment in skills development, collaborative policy frameworks, and
standardized protocols to ensure the seamless adaptation. A recursive kernel has also
been discussed to show the collaborative cooperation is key to build the SSA people are
aspiring to be. By integrating circular economy practices, innovative technologies, and
business strategies, the kernel has assured digital manufacturing can be enhanced, and
the recycling of waste materials can be effectively promoted in the region. Finally, the
paper has analysed the theoretical contribution, economic implications, and sustainability
aspects of the policy-oriented proposition.

However, there are notable divergences that this paper has not yet touched particularly
focusing on the validation of the proposition in a real industrial setting. Future researchers



should therefore address the topic we haven't included, in this study, by exploring the
following key takeaways:

1) Government agencies, policymakers, and digital regulators aiming to foster cross-
organisational synergies in the industry need create space for open fertilization of
ideas on digitization. They need to design impact indicators for the implementation
by avoiding and/or minimizing shelving of digitization documents and platforms
adapted from the high-income countries. This is for the reason that the future of
manufacturing lies in its ability to evolve as a connected, intelligent enterprise,
poised to meet global demands while fostering innovation and inclusivity.

2) Revitalizing the region’s academic sector to provide need-based training and
education on digital manufacturing. This includes establishment of incubation
centres and science and technology parks;

3) Empirical testing of the digitalisation index: the use of statistical methods to analyse
how well the index reflects the actual level of digitalisation in a manufacturing
industry in the SSA and how it relates to other relevant factors. This activity helps
to validate the index's usefulness as a measurement tool and provides insights into
the drivers and impacts of digitalisation.

These takeaways will not only deepen the knowledge on manufacturing digitalisation but
also have potential implications for transforming the manufacturing processes in the
region.

Study limitations

Though this paper provides enabling insights to localize digital manufacturing in the Sub-
Saharan Africa, there are some limitations that need to be acknowledged. Fully relying
on secondary data rather than employing primarily empirical data, political and socio-
economic uncertainties in the region to mention among many other limitations.
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