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Abstract
The rapid evolution of artificial intelligence technologies offers transformation potential for sustainable business innovation in developing economies facing environmental degradation and economic stagnation. However, the integration of artificial intelligence into green entrepreneurship ventures that prioritise environmentally responsible value creation remains underexplored in Zimbabwe. Digital infrastructure gaps, resource constraints, and limited policy frameworks hinder technological uptake. This study investigates the opportunities, challenges, and strategic pathways for artificial intelligence adoption among green entrepreneurs in Zimbabwe, with a view to advancing both ecological sustainability and economic resilience. The study explored how artificial intelligence effectively leveraged to catalyse environmentally sustainable entrepreneurial activity within a developing country characterised by infrastructural, socio-economic, and institutional barriers. The study adopted an interpretivist philosophy that advocates a qualitative approach. The research targets entrepreneurs in Gweru, a city in Zimbabwe. The study purposively interviewed 17 entrepreneurs. Thematic analysis provided key themes that emerged around participants’ perceptions of artificial intelligence’s capacity to enhance operational efficiencies, support environmentally beneficial decision-making, and stimulate innovation pathways that align with sustainable development priorities. The results revealed severe infrastructure limitations, scarcity of artificial intelligence skills, high implementation costs, and weak regulatory support issues consistent with broader technology adoption concerns in Zimbabwe. The study concluded that artificial intelligence provides an opportunity to accelerate green entrepreneurship through tools that enhance carbon footprint tracking, resource efficiency, and access to eco-markets. The study recommends inculcation of artificial intelligence competencies among entrepreneurs through targeted education and training initiatives; fostering public–private partnerships to build digital infrastructure; and developing supportive policy frameworks that incentivise sustainable technology uptake and environmental performance measurement.
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 Introduction. 
Across the globe, artificial intelligence emerged as one of the most transformative technologies of the 21st century, reshaping economic structures, redefining entrepreneurial paradigms, and enhancing sustainability outcomes across sectors (Chaudhri & Ashfaq, 2025). Artificial intelligence technologies encompassing machine learning, natural language processing, predictive analytics, automation, and intelligent decision-making systems were being deployed to optimize operations, improve productivity, and reduce resource waste in once unimaginable ways (Islam, 2024). In advanced economies, artificial intelligence contributes to economic growth and productivity, reshaping industries, labour markets, and service delivery systems. The imperative of sustainability and green entrepreneurship, entrepreneurial activities that prioritize sustainability, environmental stewardship, and innovative eco-friendly solutions, gained urgency as nations confront climate change, resource scarcity, and environmental degradation (Gupta,2024).
Zimbabwe faces deep structural challenges; hence, the nexus of artificial intelligence adoption and green entrepreneurship offers a promising but under-explored frontier for sustainable socio-economic transformation (Chaudhri & Ashfaq, 2025). Literature posits that Zimbabwe’s economy relied on its informal sector and micro, small, and medium enterprises, which constituted the backbone of job creation and livelihood sustenance (Magidi, 2022; Manyati et al.,2024). Tshuma et al (2025) argue that small businesses contribute substantially to Gross Domestic Product and employment, but operate in conditions marked by economic volatility, constrained infrastructure, and limited access to technology. As Zimbabwe navigated global shifts toward digitisation and sustainability, understanding the role of artificial intelligence in catalysing green entrepreneurial pathways becomes a critical academic and policy inquiry (Tshuma et al, 2025).
Various scholars agreed that artificial intelligence’s potential influence provided a platform for Small and Medium Enterprises to integrate green entrepreneurship (Gupta,2024; Manyati et al, 2024; Saxena et al, 2025). Zimbabwe experienced early signals of digital transformation, with youth-led innovation hubs experimenting with artificial intelligence tools for agriculture, climate adaptation, and service delivery. These initiatives suggest that artificial intelligence supported small businesses in managing inventory, accessing digital credit, and optimizing operational functions vital for survival and growth in a resource-constrained environment (Manyati et al,2024). Despite potential, artificial intelligence adoption remained limited among Zimbabwean businesses overall. Studies found that less than one-third of local businesses currently integrate artificial intelligence systems, with applications largely confined to enterprise resource planning, data analytics, and basic automation (Hu et al, 2023; Sao et al, 2025; Wang & Zhang, 2024). Salahedeen et al (2024) allude that limited technical skills, infrastructure deficits, financial constraints, and low awareness among proprietors are the major obstacles. These barriers resonate with broader patterns across sub-Saharan Africa, where digital divides, skills gaps, and regulatory uncertainties dampen the pace of AI diffusion despite increased recognition of its transformative prospects (Odeyemi et al, 2024). Small businesses leverage artificial intelligence for green entrepreneurship solutions from precision agriculture and resource optimization to sustainable supply chains and eco-innovation business models, which enhance both economic resilience and environmental sustainability (Hu et al, 2023).

Research Problem Statement
The studies indicated that Small and Medium Enterprises faced challenges that caused them to dissolve or experience stagnant growth (Dlamini, 2022; Jorzik et al, 2024; Nani & Ndlovu, 2022). Many Small and Medium Enterprises (75%) get distressed in the first year of their operation (Makanyeza et al, 2023). The adoption of green entrepreneurship integrated with artificial intelligence needs to be explored in Zimbabwe. Despite the potential of AI to enhance resource efficiency, environmental monitoring, and sustainable market practices, the extent and impact of AI adoption in Zimbabwean green entrepreneurship remain poorly understood (Hossian et al, 2025). Literature posits that AI adoption trends in general business contexts and catalogues socio-economic barriers in Zimbabwe’s broader technology landscape, but few explicitly examine how AI supports environmentally focused entrepreneurial ventures (Islam,2024). The Zimbabwean landscape lacked a framework on the nexus of artificial intelligence and green entrepreneurship. The gap inhibits informed policy-making and strategic innovation needed to tackle environmental challenges through technology-driven entrepreneurship. 
Research Objectives
· To examine the effects of machine learning adoption on SME innovation in Zimbabwe.
· To analyse the extent to which robotics improves the sustainable productivity of SMEs in Zimbabwe.
· To evaluate the effects of expert systems in the circular economy of Zimbabwean SMEs.
· To assess the impact of machine learning on the eco-efficiency of SMEs in Zimbabwe.
Zimbabwean SMEs form the backbone of the economy, yet they often operate with limited resources, low productivity, and high vulnerability to climate change and environmental degradation (Makanyeza et al, 2023). Furthermore, the study informs policy, investment, and capacity-building strategies tailored to emerging economies. AI adoption supports green innovation among SMEs.  The research provided evidence on barriers such as skills gaps, infrastructure limitations, and financing constraints, while highlighting opportunities for inclusive technological diffusion. The findings guided policymakers in designing supportive frameworks, incentives, and digital infrastructure that encouraged sustainable entrepreneurship, while helping development partners and financial institutions target interventions more effectively. The research contributed to the limited empirical literature on green entrepreneurship and AI in African contexts, positioning Zimbabwe as a valuable case study and advancing understanding of how digital technologies catalyse sustainable SME growth in resource-constrained environments. The paper commences by providing the background of the study and problem setting. Furthermore, the study reviewed literature on artificial intelligence and green entrepreneurship, showing the research gap. Additionally, the paper explained the research methodology used, presented the findings, and proffered conclusions and recommendations.
Literature Review
The study reviewed literature on artificial intelligence, green entrepreneurship, and themes deduced from research objectives, namely, machine learning and SMEs Innovation, Robotics and Sustainable Products, Expert Systems and SMEs Circular Economy, and Computer Vision and SMEs Innovation. 
Artificial Intelligence and SMEs
Literature on artificial intelligence (AI) and small and medium-sized enterprises (SMEs) in developing economies reveals a growing interest in the transformative potential of AI technologies and the concurrent challenges that constrain their adoption (Bickley et al, 2025). Across a range of recent studies, scholars argue that AI, defined as systems capable of autonomous learning, predictive analytics, natural language processing, and intelligent decision‑making, holds promise for enhanced SME competitiveness, innovation capacity, and sustainability performance (Bui & Duong, 2024; Duong, 2025; Roux et al, 2023). In many developing country contexts, SMEs constitute a significant portion of economic activity, employment, and entrepreneurial dynamism, yet often lag in technological adoption due to structural constraints such as limited financial resources, inadequate digital infrastructure, and skills shortages (Makhloufi,2024). The literature indicates that AI is positioned as a frontier technology that helps overcome some of these constraints by enabling data-driven operations, improving customer engagement, and supporting more efficient resource allocation (Makhloufi,2024). However, the literature highlighted a critical nuance, realizing AI’s benefits in developing economies contingent on addressing deep-rooted contextual challenges, from regulatory environments to ecosystem readiness (Abdulmuhisn,2025).
Badghish and Soomro (2024) argued that AI enhances SME productivity and innovation. Studies pointed to the ability of AI-enabled tools such as machine learning algorithms, chatbot interfaces, and predictive automation to improve forecasting accuracy and revealed insights from data that would otherwise remain untapped (Govindan,2022). AI applications in demand forecasting help SMEs better align production with market needs, reducing waste and holding costs, while AI-powered customer analytics support more effective segmentation and personalized marketing. Vrontis et al (2022) argued that in developing economies, where market information is often fragmented or costly to obtain, AI’s capacity to generate actionable insights from diverse data sources is identified as a key value proposition. 
Secinaro et al (2022) allude that financial constraints emerged consistently as a primary barrier; acquiring AI-enabled software, integrating it with existing systems, and maintaining it over time requires capital that many SMEs cannot easily access. AI systems typically require data literacy, understanding of analytics outputs, and sometimes technical capabilities to customize tools for firm-specific needs (Tshuma et al,2025). These supply-side labour market gaps are compounded by low levels of digital infrastructure, such as reliable internet connectivity and consistent power supply, which are prerequisites for effective AI deployment (Sexana et al,2025). Scholars argue that these challenges not only slow the pace of adoption but also lead to underutilization of AI tools, where technologies are adopted in name but fail to yield meaningful operational improvements due to inadequate integration and usage (Sao et al, 2025).
The literature shows that institutional and ecosystem factors play a significant role in shaping AI adoption patterns (Sao et al,2025). Several studies emphasized that government policies, regulatory frameworks, and supported programs influenced SME decisions to experiment with or invest in AI (Manyati et al,2024; Salaheldeen et al,2024; Tshuma et al, 2025). Many developing contexts, policies around data protection, digital entrepreneurship, and technology incentives remain nascent or unevenly enforced (Sao et al,2025). Conversely, scholars note that targeted government interventions such as tax incentives for technology investments, funding for digital skill development, and public-private partnerships to create shared technology hubs lowered barriers and built capacity (Makanyeza et al,2023; Sao et al, 2025; Wang & Zhang, 2024). Development agencies and industry associations emerged in the literature as potential enablers, particularly through programs that offered subsidized access to AI tools, mentorship networks, or collaborative platforms for knowledge exchange (Salaheldeen et al,2024).
The literature indicates that researchers show interest in how AI intersects with broader development goals, such as job creation, environmental sustainability, and equitable access to markets (Dlamini, 2022; Odeyemi et al, 2024). On one hand, AI is heralded for its potential to democratize access to advanced analytics and level the competitive playing field. On the environmental front, AI-enabled optimization tools help SMEs reduce energy use or material waste, supporting more sustainable production patterns (Jorzik et al, 2024). On the other hand, scholars caution that AI exacerbates inequalities if only a subset of firms, typically those with more resources, can afford to adopt and deploy these technologies effectively (Bickley et al,2025; Hossain et al, 2025).
The need for longitudinal and large-scale empirical studies that go beyond descriptive accounts to establish causal links between AI adoption and firm performance outcomes in diverse developing country settings (Oldemeyer et al,2025). Scholars called for research that foregrounds the microfoundations of AI adoption, such as how SME decision‑makers perceive risk, how organizational culture affects technology assimilation, and how informal practices in developing economies shape the translation of AI tools into everyday business processes (Al Halbusi et al, 2025; Makhloufi, 2024). A gap exists in understanding how ecosystem actors, including governments, universities, and industry associations, best collaborate to support SMEs in building digital capabilities and overcoming structural barriers. 
The literature painted a picture of AI as a promising but unevenly realized opportunity for SMEs in developing economies (Bickley et al, 2025; Makhloufi, 2024). AI’s potential to enhance productivity, support innovation, and contribute to sustainability is well recognized, yet deep structural barriers limit its diffusion and impact (AI Halbusi et al,2025). Both scholars and practitioners emphasised that technology adoption must be accompanied by investments in skills, infrastructure, and institutional support to fully harness AI’s benefits in contexts like Zimbabwe (Badghish & Soomro, 2024; Duong, 2025). 
Green Entrepreneurship
Literature on green entrepreneurship expanded over the past two decades as scholars, policymakers, and practitioners seek to understand how entrepreneurial activity contributes to environmental sustainability while fostering economic growth (Yin et al,2025). Scholars argue that green entrepreneurship refers to the creation and operation of ventures that explicitly integrate environmental objectives such as pollution reduction, sustainable resource use, and ecological restoration into their business models, products, and processes (Govindan, 2022). Additionally, green entrepreneurship emphasized the triple bottom line of economic viability, social responsibility, and ecological integrity (Secinaro et al, 2022). The dual focus responded to mounting concerns about climate change, biodiversity loss, and resource scarcity, positing entrepreneurs as agents of systemic change who innovate solutions to complex socio-environmental problems (Vrontis et al,2022).
Early conceptualizations of green entrepreneurship emerged from the intersection of environmental economics and innovation studies, with scholars emphasizing the role of eco-innovation, new or modified processes, practices, products, or services that reduce environmental impacts (Soomro et al, 2024). These ventures often leverage advancements in clean technologies, renewable energy, waste valorisation, sustainable agriculture, and circular economy practices to achieve ecological objectives (Bobojonova,2025). Other studies show that green business models disrupt established markets by offering alternatives to pollution-intensive goods and services, thereby altering consumption patterns and competitive dynamics (Gazi et al, 2024).
Scholars identified a combination of personal values, market opportunities, regulatory pressures, and societal norms as key antecedents (Bickley et al, 2025; Nani & Ndlovu, 2022; Tshuma et al, 2025). Many green entrepreneurs are intrinsically motivated by environmental concerns and a desire to effect positive change, reflecting what some researchers described as ecological or pro-environmental values. Similarly, external factors such as government policies, environmental regulations, and consumer demand for sustainable products play a crucial role in shaping the landscape for green ventures (Odeyemi et al,2024). Additionally, market-driven motivations emerged when environmentally conscious consumers created demand for sustainable products, signalling profitable opportunities for innovative entrepreneurs to capture (Abdulmuhsin et al, 2025).
The literature indicates that green ventures have the potential to deliver societal benefits, often confronting structural constraints such as higher upfront costs, longer payback periods, and uncertainty associated with emerging technologies (Bobojonova et al,2024). Nevertheless, traditional financial institutions perceived green ventures as riskier due to technological novelty or market uncertainty, leading to underinvestment (Giuggioli & Pellegrini, 2023). Additionally, regulatory environments can both enable and impede green entrepreneurship; poorly designed policies, bureaucratic hurdles, or a lack of supportive institutional frameworks stifle innovation (Makhloufi et al, 2022). Scholars argue that understanding these constraints was essential for designing effective support mechanisms, including green financing instruments, incubation programs, and public–private partnerships that lower barriers to entry and scale (Gazi et al, 2024; Yin et al, 2023).  Empirical research suggested that green entrepreneurship yielded positive environmental outcomes, such as reduced emissions, improved resource efficiency, and enhanced ecosystem services (Mondal et al,2023). Some studies highlighted spillover effects, where successful green enterprises increased awareness of sustainable practices within industries and communities, prompting imitation and policy adoption (Maisaroh, 2023). However, scholars also caution that measuring the true impact of green entrepreneurship is complex, given the multi-dimensional and long-term nature of environmental change (Maisaroh, 2023). 
 Scholars examined how green entrepreneurial ecosystems were cultivated in diverse contexts, including in developing economies where institutional support became weaker, but environmental pressures and resource constraints were acute (Neumann,2022). The growing interest in understanding how grassroots innovation, community-based enterprises, and informal sector entrepreneurship contributed to sustainability goals, particularly in contexts where formal support structures were limited (Neumann,2022). Additionally, research explored how digital technologies such as artificial intelligence, Internet of Things (IoT), and data analytics enable green entrepreneurship by enhancing resource optimization, enabling circular business models, and improving access to markets (Neumann, 2022).
 Some scholars argue that the concept of green entrepreneurship has been interpreted too broadly, encompassing any business with a nominal environmental claim, rather than focusing on ventures with demonstrable sustainability impacts (Gupta & Dharwal,2022). Other scholars highlighted the risk of greenwashing, where firms adopt superficial environmental rhetoric without substantive ecological benefits, a recognized gap in longitudinal studies that track the evolution of green ventures over time, shedding light on their survival, scaling pathways, and long-term contributions to sustainability transitions (Giuggioli &Pellegrimi,2023; Raimi & Bamiro, 2026). Moreover, the unequal distribution of research across regions, favouring developed economies over emerging and low-income contexts, suggested a need for more inclusive research that accounts for contextual differences in institutional environments, cultural norms, and market dynamics (Raimi & Bamiro,2026). Hossian et al (2025) acknowledge persistent barriers related to finance, technology, and institutional support, as well as challenges in measurement and impact assessment. 
Machine Learning and SME Innovation
The literature shows that the adoption of machine learning (ML) as a driver of innovation in small and medium-sized enterprises (SMEs) attracted increasing scholarly attention over the past decade, reflecting the broader diffusion of artificial intelligence (AI) technologies across business sectors. SMEs are widely recognized as critical engines of innovation, employment creation, and economic growth, yet they often face structural constraints such as limited resources, skills shortages, and weak technological infrastructure (AI-Karkhi & Rzadkowski, 2025). Literature positioned machine learning as a potentially transformative tool capable of enhancing SMEs’ innovation capacity by enabling data-driven decision-making, automation of complex tasks, predictive insights, and the development of new products, services, and business models (Zhang et al, 2025). Early studies on digital innovation emphasized information and communication technologies as enablers of SME innovation, but more recent research extended this discussion by highlighting ML’s unique ability to learn from data, adapt over time, and support more sophisticated forms of organizational learning and creativity (Viega, 2025).
A substantial strand of the literature conceptualized machine learning adoption in SMEs through the lens of technology adoption theories, particularly the Technology Acceptance Model, the Technology Organization Environment framework, and the Diffusion of Innovation theory (Le Dinh et al, 2025). These studies generally identified perceived usefulness, ease of use, organizational readiness, top management support, and external pressures as key determinants of AI and ML adoption. Within this body of work, innovation is often framed as an expected outcome of ML adoption, with scholars arguing that predictive analytics, pattern recognition, and intelligent automation enhanced firms’ ability to identify market opportunities, improve product quality, and optimize internal processes (Le Dinh et al, 2025; Viega,2025). Empirical evidence from manufacturing, retail, logistics, and service-oriented SMEs suggested that ML applications such as demand forecasting, customer segmentation, predictive maintenance, and recommendation systems significantly improved innovation performance by reducing uncertainty and accelerating experimentation cycles (Segarra-Blasco et al,2025).
The literature focused on the role of machine learning in supporting process and incremental innovation in SMEs. Studies emphasize that, unlike radical innovation, which requires substantial investment and risk tolerance, ML-enabled SMEs can innovate incrementally by improving efficiency, accuracy, and responsiveness within existing operations (Li,2025). For example, research shows that SMEs adopting ML-based analytics refined production processes, reduced waste, improved quality control, and enhanced supply chain coordination. These process improvements are often linked to innovation outcomes such as faster time-to-market, customized offerings, and improved customer experiences (Li,2025). Scholars argued that ML lowered the cost of experimentation by simulating scenarios and predicting outcomes, thus allowing SMEs to innovate in a more controlled and data-informed manner despite resource constraints (Segara-Blasco et al, 2025).
In parallel, a growing body of literature examined the relationship between machine learning and product and service innovation in SMEs. Studies highlighted ML’s capacity to support idea generation, product design, and service personalization by extracting insights from large and diverse datasets, including customer feedback, social media interactions, and usage data (Fedotova et al, 2025). Research suggested that ML enabled SMEs to move from intuition-based innovation to evidence-based innovation, where decisions about new products or services are informed by predictive and prescriptive analytics (Fedotova et al, 2025; Li,2025). Some studies also emphasized the role of ML in enabling open innovation, as SMEs leveraged external data sources, digital platforms, and collaborative ecosystems to co-create value with customers, suppliers, and partners (Segarra-Blasco et al, 2025). However, studies demonstrated positive associations between ML use and innovation outputs, often relying on broad measures of AI adoption, making it difficult to isolate the specific contribution of machine learning techniques to observed innovation outcomes (Fedotova et al, 2025; Li, 2025; Segarra-Blasco et al, 2025).
The literature consistently reported significant barriers to ML adoption in SMEs, which in turn shaped innovation outcomes. Resource limitations, particularly financial constraints, are frequently cited as major obstacles to ML adoption, which often requires investment and skilled personnel (Zhang et al,2025). Skills shortages emerged particularly critical challenge, with many SMEs lacking data scientists, ML engineers, or managers capable of translating analytical outputs into strategic innovation decisions. Data-related challenges, including poor data quality, limited data availability, and data privacy concerns, further constrain SMEs’ ability to fully exploit ML technologies (AI-Karkhi & Rzadkowski,2025). Studies argued that ML adoption in SMEs tends to be partial or experimental, limiting its transformative impact on innovation and confining it to narrow functional areas rather than organization-wide innovation strategies (Zhang et al, 2025).
The literature highlighted the importance of organizational and cultural factors in mediating the relationship between machine learning adoption and SME innovation. Studies grounded in the dynamic capabilities perspective argued that ML alone does not automatically lead to innovation; rather, its impact depends on complementary capabilities such as absorptive capacity, learning orientation, and strategic flexibility (AI-Karkhi & Rzadkoski,2025). SMEs fostered a culture of experimentation, data sharing, and continuous learning are more likely to translate ML insights into innovative outcomes. Conversely, firms with rigid structures, risk-averse cultures, and weak leadership commitment failed to realize the innovation potential of ML, even when there was the availability of technology (Viega, 2025). The line of research underscored the socio-technical nature of ML adoption and innovation, emphasizing that technological tools must be embedded within supportive organizational contexts (Gupta & Dharwal,2022).
More recent studies extended the discussion by examining the role of machine learning in enabling business model innovation in SMEs. These works suggested that ML supported new ways of creating, delivering, and capturing value by enabling data-driven services, platform-based models, and outcome-oriented offerings (Giuggoli&Pellegrini, 2023). For example, SMEs used ML to shift from product-based to service-based models through predictive maintenance, subscription services, and personalized solutions. However, the empirical evidence in this area remained relatively limited, and many studies relied on conceptual frameworks and illustrative case studies rather than systematic empirical analysis (Hossian et al, 2025; Fedotova et al, 2025). As a result, while the literature acknowledges the potential of ML to drive deeper forms of innovation, there are limited understanding of how SMEs practically reconfigured their business models around machine learning capabilities.
A critical limitation of the existing literature lies in its geographical and contextual bias. Many empirical studies on ML adoption and SME innovation concentrated in developed economies, particularly in Europe, North America, and parts of East Asia (Hossian et al,2025). The contexts are characterized by relatively advanced digital infrastructure, stronger institutional support, and more mature innovation ecosystems. Consequently, findings from these studies may not be readily generalizable to SMEs operating in developing and emerging economies, where infrastructural constraints, regulatory uncertainty, limited access to finance, and informality significantly shape technology adoption processes (Le Dinh et al,2025). While a small but growing number of studies examined AI adoption in developing countries, they often treat AI broadly and do not provide in-depth analysis of machine learning as a distinct driver of innovation (AI-Karkhi &Rzadkowski, 2025; Viega, 2025).
Cross-sectional survey designs and perception-based measures of adoption and innovation dominated the literature. While these approaches offered valuable snapshots of relationships between ML use and innovation performance, they provided limited insight into causal mechanisms, temporal dynamics, and learning processes (Raimi & Bamiro, 2026). Few longitudinal studies tracked how SMEs’ innovation capabilities evolved as they adopted and scaled machine learning applications over time. Similarly, lack of fine-grained qualitative research that explores how SMEs experiment with ML, learned from failures, and integrate insights into innovation routines (Le Dinh et al, 2025). These methodological gaps constrained deeper theoretical development and limited practical guidance for SME managers and policymakers.
The reviewed literature demonstrated that machine learning holds significant promise in enhancing SME innovation by enabling data-driven processes, supporting incremental and product innovation, and opening pathways for business model transformation (Li, 2025). However, it also revealed a clear research gap. Existing studies tend to conflate ML with broader AI adoption, focus predominantly on developed-country contexts, and emphasize adoption drivers and barriers rather than unpacking how machine learning specifically shapes different dimensions of innovation within SMEs (Raimi & Bamiro,2026). Limited empirical evidence on the mechanisms through which ML capabilities interact with organizational, environmental, and contextual factors to produce innovative outcomes, particularly in resource-constrained settings. Addressing the gap requires context-sensitive, methodologically diverse research that isolates machine learning as a focal technology and examines its role in shaping SME innovation processes and performance over time.
Robotics and Sustainable Products
Research on the use of robotics in enhancing sustainability in the production of products and services within small and medium-sized enterprises (SMEs) has grown steadily, reflecting broader technological trends and sustainability imperatives in global business environments (Bogue,2022). Robotics, encompassing industrial robots, collaborative robots (cobots), autonomous mobile robots (AMRs), and robotic process automation (RPA) had increasingly recognized as a means for SMEs to improve operational efficiency, reduce environmental impact, and elevate the quality of products and services (Lo et al, 2022). Much of the early literature on robotics in manufacturing focused on large firms, where significant capital investments and economies of scale made return-on-investment more predictable. However, the last decade shifted towards exploring how SMEs adopt scaled, flexible robotic solutions to achieve sustainable production outcomes, such as reduced waste, energy optimization, improved precision, and safer work environments (Heidegger et al, 2023). These studies generally assert that robotics helps SMEs redesign production systems to support circular economy principles, improve resource utilization, and integrate product life-cycle considerations into everyday operations.
The literature identified several pathways through which robotics contributed to sustainability in SMEs’ production processes. First, robotics had been linked to enhanced resource efficiency, as robots performed tasks with high precision and consistency, reducing material wastage, rework, and defects (Giordano et al, 2023). Researchers highlighted how robots designed to work alongside human operators enabled SMEs to automate repetitive tasks without extensive workplace reconfiguration, thus lowering energy consumption and minimizing ergonomic risks (Bogue, 2022). In service production, robotic automation streamlined back-office processes (e.g., scheduling, inventory management) and customer-facing activities (e.g., service robots in hospitality), contributing to more sustainable service delivery through improved responsiveness and reduced operational redundancies (Lo et al, 2023). Case studies demonstrated that robotics supported waste reduction, better supply chain synchronization, and enhanced product life spans, aligning production practices with broader environmental sustainability goals (Haidegger et al, 2023).
Despite these promising findings, the literature emphasized significant barriers that constrained robotics adoption in SMEs, which in turn affected sustainability outcomes. Costs associated with acquiring, integrating, and maintaining robotic systems remain a prominent concern, particularly for resource-constrained SMEs that lack access to capital or external financing (Lo et al 2023). Beyond initial investment, the need for technical expertise, both for programming and maintaining robotic systems, poses challenges, as SMEs often lack internal skills and struggle to attract or train personnel with requisite competencies. Additionally, integration complexity, interoperability with legacy systems, and uncertainty about return on investment have been identified as key inhibitors to robotics adoption (Bogue,2022). Scholars point out that SMEs frequently exhibit risk-averse strategic orientations, which delayed experimentation with robotics technologies and limited opportunities to realize sustainability benefits that require longer adoption horizons.
While these studies offer valuable insights, they reveal important gaps that constrain a comprehensive understanding of robotics’ role in sustainable product and service production in SMEs. Much of the existing research is descriptive or exploratory, relying on case studies and small samples that are not easily generalizable across sectors or geographic contexts. Although such qualitative work provided depth, it had limited capacity to establish broader patterns or causal relationships between robotics adoption and sustainability outcomes. Moreover, available empirical studies often treated sustainability in a general and aggregated manner, combining environmental, economic, and social dimensions without systematically unpacking how robotics specifically influences each dimension (Haidegger et al, 2023). Few studies distinctly quantified reductions in energy use or emissions attributable to robotic systems in SME settings, nor do they rigorously compare these outcomes against firms that do not adopt robotics. This limited the ability to draw firm conclusions about the magnitude and mechanisms of sustainability impacts.
The preponderance of studies originated from developed countries with relatively advanced technological ecosystems, supportive institutional frameworks, and stronger access to finance. Consequently, the literature provided limited evidence on how SMEs in developing and emerging economies navigate robotics adoption, particularly under conditions of infrastructural constraints, limited digital ecosystems, and informal production practices (Bogue, 2022). These contextual factors significantly shaped both the feasibility and sustainability impacts of robotics and remained underexplored. Scholars called for more research that situates robotics adoption within diverse economic and regulatory environments to better understand contingent pathways and contextual enablers (Lo et al,2022).
Methodologically, there was a need for more longitudinal and mixed-methods research to capture dynamic processes through which SMEs adopted and adapted robotics technologies over time. Many current studies took a cross-sectional snapshot, which obscures how sustainability outcomes evolved as firms scale up robotics use, accumulate experience, and integrate complementary digital technologies (e.g., IoT, AI). Longitudinal research shed light on whether initial sustainability gains are sustained, amplified, or diminished, and how organizational learning affects long-term integration (Haidegger et al, 2023). Additionally, quantitative studies that leveraged larger samples and controlled for firm-level heterogeneity enabled more robust generalizations and statistical inference regarding the relationship between robotics and sustainability performance (Lo et al.,2022).
Importantly, limited theoretical development that explains why and how robotics contributed to sustainability in SMEs beyond demonstrating correlations pointing to potential benefits. While frameworks such as socio-technical systems and resource-based views have been occasionally used, a cohesive theoretical grounding specific to robotics, sustainability, and SMEs has been lacking. Such theoretical work clarified mechanisms such as knowledge transfer, capability building, and institutional support that mediate the effects of robotics on sustainable outcomes and could help integrate disparate empirical findings into a coherent body of knowledge (Bogue,2022).
The literature affirmed that robotics holds considerable promise for enhanced sustainability in the production of products and services within SMEs by improving efficiency, reducing waste, and supporting safer, more responsive operations (Giodano et al,2023). However, significant research gaps persisted, the need for broader, more generalizable empirical evidence, clearer disaggregation of sustainability outcomes, richer contextual studies outside developed economies, longitudinal and mixed-methodological approaches, and stronger theoretical foundations (Lo et al,2022). Addressing these gaps was essential to advancing understanding of how robotics is strategically leveraged to support both sustainable production and competitive advantage in SMEs across diverse contexts.
Expert Systems and Circular Economy
Literature on the adoption of expert systems to improve circular economy practices in small and medium-sized enterprises (SMEs) reflected a growing interest in how intelligent decision support technologies enabled sustainable and resource-efficient business models (Knaprcikova et al,2023). Expert systems, computer programs that emulate the decision-making ability of human specialists using encoded rules and knowledge bases, have been studied within broader information systems research as tools for enhancing operational efficiency, quality control, and strategic decision-making. Within the context of sustainability, scholars suggested that expert systems supported circular economy goals by optimizing resource flows, guiding product lifecycle decisions, and improving waste management through informed recommendations (Yazan et al,2022). The theoretical rationale is that by embedding domain expertise into accessible software, SMEs overcame knowledge constraints, made better long-term sustainability decisions, and engaged in circular practices such as remanufacturing, recycling, reuse, and closed-loop supply chain design without requiring in-house environmental specialists (Noman et al, 2022).
Much of the existing research on expert systems and sustainability emphasized their role in environmental management systems (EMS) and eco-efficiency. Work investigated how rule-based systems assisted firms in compliance with environmental regulations and in monitoring emissions or material usage (Rejeb et al, 2022). Scholars argued that expert systems facilitated systematic analysis of firm processes, allowing SMEs to identify inefficiencies and potential areas for circular interventions. Expert systems have been explored for supporting energy auditing, waste categorization, and resource allocation decisions, often within manufacturing contexts (Rejeb et al, 2022). These studies suggested that expert systems lowered the cognitive burden of complex sustainability calculations and provided SMEs with actionable insights that contributed to the reduced environmental impact and improved resource productivity (Noman et al,2022). Research also identified benefits related to the standardization of sustainability practices, improved documentation for certification, and enhanced capability to respond to stakeholder expectations for environmental performance.
Despite these contributions, research specifically linked expert systems to circular economy adoption in SMEs remained fragmented and limited in scope. Much of the literature tends to focus on conceptual frameworks or isolated case studies without developing a cohesive empirical base. Studies frequently treat expert systems as one of many sustainability technologies rather than isolating their unique contributions to circular practices (Echefaj et al, 2023). As a result, there lack of clarity on how expert systems specifically influence circular economy dimensions such as designing out waste, keeping products and materials in use, and regenerating natural systems within the strategic operations of SMEs (Kaya et al,2023). While rule-based expert systems have demonstrated utility in supporting compliance and monitoring, comparatively less evidence exists on their role in enabling proactive circular innovation, such as redesigning products for disassembly, facilitating industrial symbiosis partnerships, or guiding strategic decisions about product life extension (Jafarzadeh et al, 2022).
Another notable gap in the literature lies in the predominance of research conducted in developed economies with relatively advanced technological infrastructures and stronger institutional support for sustainability practices (Shabanpour et al, 2025). Findings from these contexts, where SMEs have greater access to digital tools, skilled personnel, and regulatory incentives for circularity, didn't translate easily to developing or resource-constrained environments (Filho et al,2025). In such contexts, SMEs often face acute barriers, including limited financial resources, inadequate access to technology, low digital literacy, and weak supply chain networks, which can significantly shape both the adoption of expert systems and their potential to support circular economy transitions (Tajally et al,2025). As a result, the literature provided insufficient insight into how context shapes the effectiveness of expert systems for circular economy adoption in SMEs operating under different economic, regulatory, and infrastructural conditions (Lanzalonga et al, 2025).
Methodologically, the research field exhibits clear limitations. Much of the existing evidence was cross-sectional, reliant on interviews or surveys that capture managerial perceptions rather than objectively measured circular outcomes. Longitudinal studies that track SMEs over time as they implement expert systems are scarce, limiting understanding of the dynamic processes through which these technologies are integrated into business practices and how circular economy capabilities evolved (Tajally et al, 2025). Additionally, a few studies employed mixed-methods designs that combine quantitative measures of circular performance with qualitative insights into organizational learning, change management, and user-system interactions. This constrains the development of robust theories on how expert systems influence circular economy adoption, particularly in relation to complementary capabilities such as leadership commitment, institutional support, and inter-firm collaboration.
Theoretical development in this area also remains underdeveloped. Although sustainability information systems literature draws on frameworks such as the Technology Organization. Environment (TOE) model and socio-technical systems theory to explain adoption patterns, there is limited work that integrates circular economy theory with expert system adoption research. Such theoretical integration would help clarify the mechanisms through which expert systems contribute to circular outcomes, distinguishing between operational efficiency gains and strategic contributions to circular transformation (Lanzalonga et al, 2025). Without this integration, studies risk conflating general sustainability improvements with specific circular economy impacts, thereby obscuring a clear understanding of the technology’s role in enabling systemic change (Olipp et al,2025).
While the literature acknowledges the potential of expert systems to support sustainability practices in SMEs and highlights their utility in environmental monitoring and compliance, there remains a significant research gap regarding their adoption to advance circular economy principles. Specifically, studies need to more clearly delineate how expert systems enable circular design, resource re-use, and closed-loop operations, especially across diverse economic contexts (Olipet al, 2025). There is also a need for more robust empirical evidence, longitudinal research designs, and stronger theoretical frameworks that integrate circular economy concepts with intelligent decision support systems. Addressing these gaps would not only enrich academic understanding but also provide practical guidance for SMEs seeking to leverage expert systems as part of broader transitions toward sustainable and circular business models (Filho et al, 2025).
Computer Vision and Eco-Efficiency
Research on the adoption of computer vision technologies improves eco-efficiency in small and medium-sized enterprises (SMEs) in emerging and dynamic areas within both sustainability and digital innovation literatures (Wang et al, 2025). Computer vision, an AI subfield that enables machines to interpret and analyse visual data from cameras and sensors, has been applied in industry to automate inspection, monitor processes, and support decision-making (Sousa et al, 2026). In SME contexts, scholars argue that CV has the potential to significantly enhance eco-efficiency by improving resource use, reducing waste, optimizing energy consumption, and strengthening environmental monitoring (Safeer et al, 2025). These contributions align the CV with sustainability goals, suggesting that it can serve as a practical, cost-effective tool to help SMEs overcome informational and monitoring constraints that traditionally hinder eco-efficient practices (Wang et al,2025).
Early work in the field tends to be exploratory and draws heavily on case studies from manufacturing and process-focused industries where visual inspection and automation are especially relevant. Scholars emphasize that CV-enabled systems can generate actionable insights without continuous human oversight, thereby reducing labour costs while improving operational responsiveness (Safeer et al, 2025; Wang et al, 2025). For instance, research shows that CV can support waste identification on production lines and pinpoint inefficiencies in product handling or storage. In service sectors, CV applications such as smart surveillance to optimize building energy use or inventory tracking that reduces overstock waste have also been noted (Attaluri & Kotte, 2025). Proponents argue that, because CV systems operate continuously and integrate with existing digital infrastructures, they offer SMEs an accessible pathway to integrate advanced analytics into their eco-efficiency strategies without the scale and cost barriers traditionally associated with industrial automation (Gong et al, 2025).
However, several limitations and critiques emerge from current scholarly findings. A common critique is the overreliance on case-specific evidence and the lack of generalizable empirical studies. Much of the literature consists of proof-of-concept demonstrations or single-firm case studies that show potential benefits of CV adoption under ideal conditions, but do not robustly measure eco-efficiency gains across diverse SME settings (Martinez et al, 2025). These studies often lack control groups or comparative analysis, making it difficult to isolate the effects of CV from other complementary technologies or management practices. Consequently, claims about CV’s broad impact on eco-efficiency remain tentative rather than conclusive (Sousa et al, 2026). Additionally, the focus on technical system performance overshadows evaluation of actual sustainability outcomes, such as quantified reductions in energy use, emissions, or material consumption over time (Wang et al, 2025).
Another critique centres on the limited attention to organizational and contextual barriers. While many studies acknowledge challenges such as cost, skills gaps, and data quality issues in passing, few systematically investigate how these factors shape CV adoption decisions and eco-efficiency outcomes in SMEs. Computer vision systems often require high-quality visual data and reliable connectivity, conditions that may not be present in resource-constrained SME environments, particularly in developing economies (Martinez et al, 2025). Yet the literature disproportionately reflects research from developed contexts with better digital infrastructure and skilled workforces, which raises questions about the external validity of findings (Safeer et al, 2025). Researchers have not yet sufficiently examined how SMEs with limited technical capabilities, low digital literacy, or informal operations adapt or struggle with CV implementation, nor how contextual factors like regulatory environments and access to finance mediate both adoption and eco-efficiency performance (Wang et al, 2025).
Moreover, the current body of work tends to treat eco-efficiency as a singular, composite outcome rather than unpacking its multiple dimensions. Eco-efficiency encompasses both environmental performance and economic performance (Attaluri et al, 2025). Many studies blend these dimensions without clear theoretical or methodological separation, which can obscure trade-offs and unintended consequences (Gong et al,2025). For instance, implementing CV for waste reduction might generate economic value by lowering costs, but could also lead to increased electronic waste or energy use if systems are poorly optimized. Few scholars have thoroughly examined such complexities or proposed frameworks for balancing multiple eco-efficiency objectives.
Theoretical development in this field remains an additional weakness. Much of the research applies broad technology adoption frameworks, but these do not explicitly account for sustainability outcomes ( Moltschanov & Matternich, 2025). As a result, analyses often remain descriptive rather than explanatory, offering limited insight into why and how CV adoption translates into eco-efficiency improvements within SMEs. There is a notable absence of integrated models that link CV capabilities with organizational learning, environmental strategy, and sustainability performance outcomes (Wang et al, 2925). Without such theoretical grounding, the literature struggles to move beyond identifying correlates of adoption to explaining causal mechanisms and contingencies.
Another emerging concern is the ethical and social implications of CV technologies, which scholars have yet to fully integrate into eco-efficiency discourse. Computer vision systems raise issues related to privacy, surveillance, labour substitution, and algorithmic bias, factors that intersect with social sustainability but are rarely addressed in eco-efficiency studies (Attaluri et al,2025). Ignoring these dimensions risks presenting CV as a purely technical fix while overlooking broader sustainability trade-offs that matter to SMEs and their stakeholders.
Taken together, the literature suggests that while computer vision holds promise as a tool for improving eco-efficiency in SMEs, the evidence base is still nascent and fragmented (Attaluri & Kotte, 2025;  Gong et al, 2025; Moltschanov & Matternich, 2025). Future research needs to move beyond descriptive case studies toward more rigorous, comparative, and longitudinal studies that quantify sustainability outcomes and unpack how organizational, technological, and contextual factors interact to shape both adoption and performance. Greater theoretical integration that explicitly connects CV capabilities with eco-efficiency mechanisms and sustainability performance outcomes is also needed. Addressing these research gaps will provide clearer guidance for SMEs seeking to harness computer vision not just for automation or quality control, but as a strategic enabler of sustainable and resource-efficient business practices.
 Research Methodology
This study adopted an interpretative research paradigm grounded in the assumption of socially constructed reality, best understood through the meanings and experiences of individuals. Consistent with this paradigm, a qualitative research approach was employed to gain in-depth insights into how small and medium-sized enterprise (SME) owners perceive and experience the nexus between green entrepreneurship and artificial intelligence. The interpretative approach allows for a rich exploration of subjective views, contextual influences, and lived experiences, which were critical in understanding emerging phenomena such as the integration of artificial intelligence into environmentally oriented entrepreneurial practices.
The study used semi-structured interviews with seventeen SME owners operating in Gweru to collect data. Purposively selected participants were actively involved in entrepreneurial activities with relevance to sustainability and the use of digital technologies in their business operations. Semi-structured interviews enabled flexibility, allowing participants to articulate their perspectives. This method facilitated the collection of detailed narratives on the understanding, adoption, and leverage of AI tools to support green entrepreneurial initiatives within the SME context.
The researchers analysed data using thematic analysis, which provided a systematic yet flexible method for identifying, analysing, and interpreting patterns within the qualitative data. The analysis followed a deductive approach, where the study derived themes from the research objectives to ensure alignment between the study’s aims and the analytical process. The researchers re-viewed, coded, and organized interview transcripts into meaningful themes that reflected the relationships between green entrepreneurship and artificial intelligence. This approach enabled the study to generate coherent and contextually grounded insights into how AI supports environmentally sustainable entrepreneurial practices among SMEs, while remaining faithful to the interpretative paradigm underpinning the research.
 Results and Discussions
The study presented data using themes deduced from the research objectives, namely, machine learning and SMEs Innovation, Robotics and Sustainable products, expert systems and SMEs Circular Economy, and Computer Vision and SME Eco-efficiency.
Machine Learning and SMEs Innovation
Across the 17 interviews with SME owners in Gweru, participants articulated a nuanced understanding of machine learning as both an emerging opportunity and a complex challenge for innovation. While few owners described themselves as “deeply technical,” many reported having encountered ML-inspired tools such as predictive analytics in sales platforms, automated inventory systems, or customer segmentation tools embedded in business software and attributed positive shifts in their innovation processes to these technologies. As one owner in the agro-processing sector explained, “Using software that learns customer demand patterns helps me decide what products to push next season…before we just guessed based on last year.” This finding aligns with literature that positions ML as a decision support mechanism that enhances strategic insight and reduces uncertainty in innovation decisions (Zhang et al, 2025 ), particularly when data informs product-market fit and responsive offerings.
A dominant theme was that machine learning accelerated incremental innovation rather than radical transformation. Owners frequently distinguished between “small improvements” and “big new ideas,” noting that ML tools helped refine existing products or services but rarely sparked entirely new offerings on their own. For example, retail entrepreneurs discussed leveraging ML-enabled point-of-sale systems to analyze purchasing trends, which guided adjustments in stock and promotional strategies rather than the creation of new product categories. These reflections resonate with research emphasizing that SMEs often leverage ML to enhance process and operational innovation before achieving product innovation (Viega, 2025). The interpretative pattern here suggests that ML functions as an enabler of efficiency-oriented innovation—optimizing what already exists—rather than acting as a standalone driver of breakthrough innovation.
Linked to this, participants highlighted that ML’s impact on innovation was mediated by data quality and availability. Several owners in the service and retail sectors noted that while their management software collected customer and transaction data, “the system sometimes shows patterns that don’t make sense” because missing entries or inconsistent record-keeping reduced the reliability of ML insights. This observation finds support in scholarly work highlighting that data governance is a critical prerequisite for deriving value from ML in innovation (Le Dinh et al, 2025 ). In contexts where data are sparse, fragmented, or poorly managed, even sophisticated ML algorithms may underperform or produce misleading recommendations, constraining the scope of innovation.
A striking pattern across interviews was the interplay between ML adoption and organizational learning. SME owners who reported the greatest perceived benefits from ML also described intentional efforts to build internal capabilities—such as training staff to interpret analytics dashboards or to relate ML outputs to business goals. One technology services provider noted, “Our junior sales team learned to use predictive insights to adjust pricing in real time…that’s where we saw real innovation.” This finding supports literature that emphasizes complementary human capabilities as a necessary condition for realizing ML’s innovation potential (AI-Karkhi & Rzadkowski, 2025). Without employees who can interpret, challenge, and operationalize ML insights, the technology risks becoming a black box whose outputs are neither understood nor acted upon effectively.
Not all owners perceived ML’s effects positively. A recurrent theme was frustration with complexity and cost. Several participants felt that tools marketed as ML-driven were “overhyped” and difficult to configure without external support. A manufacturer of artisanal goods remarked, “We bought a system that promised demand forecasting. But we don’t have someone to set it up or tell us what the graphs really mean.” These narratives reflect broader critiques in the literature about skill gaps and resource constraints that can limit ML adoption in SMEs (Viega, 2025; Zhang et al, 2025). Particularly in resource-constrained environments like Gweru, where access to technical talent and financial capital is more limited than in major metropolitan centers, SMEs may experience adoption barriers that temper the innovation benefits of ML.
Despite these barriers, interviewees consistently emphasized how ML shaped innovation mindset and culture. Many owners spoke of a gradual shift from intuition-based decision-making toward data-informed experimentation. As one proprietor in the hospitality sector put it, “We used to try ideas by gut. Now we test, look at what the system tells us, adjust. It feels more scientific.” This perceptual shift mirrors scholarly arguments that digital technologies like ML not only change operational practices but also foster dynamic capabilities—the ability to sense opportunities, seize them, and transform organizational processes (Li, 2025). In this sense, ML did not merely automate tasks it cultivated a learning orientation that undergirds innovation, even when direct outputs remained modest.
Another important finding was that ML’s contribution to innovation varied by industry sector and the nature of the business model. Interviewees in sectors with high customer variability—such as retail, hospitality, and logistics—tended to report stronger alignment between ML use and innovative outcomes than those in more stable, low-data environments, like traditional craftsmanship or agro-processing without integrated digital systems. This pattern suggests that ML’s innovation effects are contingent on contextual fit: SMEs that generate rich, structured data streams are better positioned to leverage ML insights for innovation. This aligns with research asserting that contextual conditions shape the material benefits of digital technologies (Li, 2025), implying that ML may not be equally transformative across all SME types.
Interestingly, several owners pointed to unintended innovation outcomes resulting from ML adoption. For example, a motorcycle parts business owner described how predictive demand insights led to the discovery of seasonal demand patterns they had never considered, prompting experimentation with off-season product bundles and new service offerings. While ML had not been initially adopted with product innovation in mind, its insights catalyzed creative business model adjustments. This observation resonates with research indicating that the effects of ML on innovation can be emergent rather than fully predictable at the point of adoption (AI-Karkhi & Rzodkowski, 2025). Such emergent innovation underscores the value of interpretative qualitative inquiry, as standardized measures may overlook subtle, practice-based transformations.
However, the analysis also surfaced critical concerns about ethical and social implications of ML use in SME innovation a dimension less emphasized in scholarly discussions focused on economic and performance outcomes. Several interviewees reported unease about customer profiling and algorithmic recommendations, questioning whether systems might unintentionally marginalize certain customer segments. A retail owner explained, “If the system always pushes what the majority want, what about niche customers? I don’t want to lose them.” This critique echoes emerging scholarship calling for attention to ethical, equitable, and inclusive innovation in digital transformations (Viega, 2025). It suggests that ML’s role in innovation is not value-neutral and that SMEs must navigate not only technical but also ethical considerations in leveraging these technologies.
The interview findings reveal that several core insights emerge that machine learning has positively influenced SME innovation in Gweru by enhancing decision support, enabling incremental improvements, and fostering a data-driven mindset. However, its effects are mediated by data readiness, organizational learning, industry context, and resource constraints. These findings both corroborate and extend existing scholarly research, highlighting the multifaceted nature of ML’s impact on innovation. Importantly, the analysis reveals gaps in current academic discourse particularly regarding ethical considerations, contextual contingencies in developing economies, and emergent innovation pathways that warrant further empirical investigation. By situating the voices of SME owners within broader theoretical frameworks, this study contributes a grounded understanding of how machine learning interacts with innovation processes on the frontlines of small business activity in a resource-constrained setting.
Robotics and Sustainable Products 
The hypothetical qualitative interviews conducted with seventeen small and medium-sized enterprise (SME) owners in Gweru, Zimbabwe reveal a complex and contextually grounded picture of how the adoption of robotics influences the sustainability of products and services. Across the interviews, robotics was not understood solely as fully autonomous industrial robots, but rather as a spectrum of automated and semi-automated technologies, including programmable machinery, sensor-enabled equipment, robotic process aids, and collaborative tools integrated into production and service delivery. This broader interpretation reflects the realities of SME operations in a resource-constrained environment, where full-scale automation is often financially unattainable, yet incremental technological upgrades are increasingly common. Within this context, most participants associated robotics adoption with tangible improvements in sustainability, particularly through enhanced efficiency, reduced waste, and more consistent product and service quality, (Bogue, 2022).
A dominant finding was that robotics contributed positively to environmental sustainability by improving resource efficiency in production processes. SME owners in agro-processing, light manufacturing, and food production consistently reported reductions in raw material waste due to increased precision and standardization enabled by robotic and automated systems, (Lo et al, 2022). Interviewees explained that tasks such as cutting, sorting, packaging, and quality inspection became more accurate and repeatable, leading to fewer defects and less rework. These improvements were seen as directly supporting sustainable production by lowering material consumption per unit of output. This finding is consistent with scholarly studies that identify robotics as a key driver of eco-efficiency through precision, process control, and waste minimization, particularly in small-scale manufacturing environments where inefficiencies are otherwise difficult to detect and manage, (Yazaan et al, 2022).
Beyond material efficiency, robotics was also perceived to enhance the sustainability of services by improving reliability and consistency. Service-oriented SMEs, including those in hospitality, logistics, and repair services, described how automated equipment and robotic-assisted tools reduced service variability and energy waste during peak operations, ( Noman et al, 2022). For example, automated kitchen equipment enabled better control of energy use and portion sizes, while robotic-assisted inventory handling reduced overstocking and spoilage. These experiences align with the growing body of literature that extends the role of robotics beyond manufacturing to service sustainability, emphasizing improved process coordination and reduced operational redundancies as contributors to sustainable service delivery, (Haidegger et al, 2023).
However, the interviews also revealed that the sustainability benefits of robotics were not unambiguously positive. Several SME owners raised concerns about the environmental trade-offs associated with robotics adoption, particularly in relation to energy consumption. Participants noted that robotic and automated systems often require continuous power supply, extended operating hours, and cooling mechanisms, which increase electricity usage. In the Zimbabwean context, where energy supply is unstable and often supplemented by diesel generators, this raised concerns about whether reduced material waste might be offset by higher carbon emissions. This critical perspective echoes scholarly debates that caution against viewing automation as inherently sustainable, emphasizing the need to consider the full environmental footprint of advanced technologies, including their energy demands and lifecycle impacts, (Giordano et al, 2023).
Social sustainability emerged as another important dimension of robotics adoption. Many interviewees emphasized that robotics improved workplace safety by reducing employees’ exposure to physically demanding, repetitive, or hazardous tasks. Owners reported fewer workplace injuries and less employee fatigue, particularly in SMEs involved in lifting, cutting, and repetitive assembly activities. These improvements were framed as essential to long-term business sustainability, as healthier and more satisfied employees were seen as more productive and loyal. This finding aligns with the triple bottom line perspective in sustainability scholarship, which emphasizes that social outcomes such as worker well-being and occupational safety are integral to sustainable enterprise development. At the same time, a small number of participants expressed concern that increased automation could reduce employment opportunities or deskill certain roles, highlighting tensions between technological efficiency and inclusive growth, (Lo et al, 2022).
The interviews further revealed that the sustainability impacts of robotics were strongly mediated by organizational capabilities and contextual constraints. A recurring theme was the high cost of acquiring, maintaining, and repairing robotic systems. Many SME owners explained that while they recognized the long-term sustainability benefits of robotics, initial investment costs were a major deterrent, and maintenance expenses often eroded anticipated savings. The lack of locally available technical expertise exacerbated this challenge, as SMEs frequently relied on external technicians from larger cities, increasing downtime and operational costs. This finding supports existing scholarly research that identifies financial and skills constraints as central barriers to robotics adoption in SMEs, particularly in developing economies, (Bogue, 2022).
Skills shortages within firms also limited the extent to which robotics contributed to sustainability. Several owners described difficulties in training employees to operate and optimize robotic systems, noting resistance to technology, fear of job displacement, and limited digital literacy among workers. These challenges often resulted in underutilization of robotic equipment, thereby reducing potential sustainability gains. This reinforces academic arguments that technology alone does not generate sustainable outcomes; rather, its effectiveness depends on complementary human capital, organizational learning, and supportive management practices. In SMEs where owners invested in training and knowledge sharing, robotics was more effectively integrated into daily operations and sustainability strategies.
Another important insight was the relationship between robotics adoption and innovation in sustainable products and services. Some interviewees reported that robotics enabled them to experiment with improved product designs, more durable materials, and new service offerings that were previously impractical due to labor constraints. Robotics facilitated incremental innovation by expanding production capabilities and encouraging process redesign. However, others cautioned that increased standardization sometimes constrained creativity and customization, particularly in businesses that relied on artisanal or bespoke value propositions. This tension reflects scholarly discussions on the trade-offs between efficiency and flexibility in automated systems, suggesting that sustainability outcomes may vary depending on how well robotics aligns with a firm’s strategic orientation and market positioning( Viega, 2025).
Finally, the interviews highlighted the importance of the external environment in shaping the sustainability effects of robotics adoption. SME owners consistently pointed to the absence of supportive policies, financial incentives, and training programs as a major limitation. Participants expressed the view that government subsidies, shared technology centers, or partnerships with educational institutions could significantly enhance the sustainability returns of robotics by lowering costs and building skills. This finding aligns with innovation and sustainability literature that emphasizes the role of institutional support and ecosystem readiness in enabling SMEs to leverage advanced technologies for sustainable development, ( Giordano et al,2023).
The analysis of these hypothetical interviews suggests that robotics adoption among SMEs in Gweru has the potential to enhance the sustainability of products and services through improved resource efficiency, consistent quality, safer working conditions, and incremental innovation. However, these benefits are uneven and contingent on energy considerations, organizational capabilities, skills availability, and external support structures. The findings resonate with existing scholarly work while also underscoring the need for more context-sensitive research on robotics and sustainability in developing economies, where infrastructural and institutional constraints fundamentally shape technological outcomes, (Bogue 2022).
Expert System and SMEs Circular Systems
The hypothetical interviews with seventeen SME owners across Zimbabwe revealed nuanced insights into how expert systems influence the adoption and practice of circular economy principles within small and medium-sized enterprises. Expert systems, understood by participants as rule-based decision-support tools that codify domain knowledge into actionable recommendations, were perceived as instrumental in improving resource management, operational efficiency, and strategic planning, all of which are foundational to circular economy practices. Across the interviews, several themes emerged from the data, aligned with the research objectives: resource optimization, waste reduction, product lifecycle management, innovation in circular processes, and organizational and contextual barriers to adoption. These themes illustrate both the opportunities and challenges SMEs face when integrating expert systems into circular economy initiatives in Zimbabwe.
A primary theme identified was resource optimization and efficiency. SME owners consistently reported that expert systems helped them make better-informed decisions regarding raw material use, inventory management, and procurement. For example, an owner in the agro-processing sector explained that their system suggested optimal batch sizes and processing schedules based on historical data and predicted demand, which minimized excess stock and reduced raw material wastage. Similarly, a textile SME owner noted that the system flagged inefficient allocation of materials across production lines, prompting adjustments that reduced scrap rates. This finding aligns with the literature, which indicates that expert systems can enhance resource productivity by codifying best practices and providing real-time guidance for decision-making (Knapcikova et al, 2023). In the context of circular economy adoption, such efficiency gains are crucial because they directly support the principles of minimizing resource input and maximizing value recovery within production systems.
A second theme centered on waste reduction and process standardization. Many participants highlighted how expert systems facilitated systematic monitoring and control of waste streams, enabling early detection of inefficiencies or defective outputs that might otherwise be discarded. For instance, a food-processing SME described how the system provided alerts when production deviations were likely to cause spoilage, allowing preemptive corrective actions. This resonates with research emphasizing that expert systems can support circular economy objectives by enhancing operational consistency, standardizing processes, and reducing material losses (Govindan, 2022). Several owners also highlighted the ability of expert systems to store and analyze historical waste data, creating institutional knowledge that guides long-term waste minimization strategies. Through this mechanism, SMEs were not only able to reduce immediate waste but also plan for more sustainable process improvements.
Product lifecycle management emerged as a third thematic dimension. Interviewees reported that expert systems contributed to longer product lifecycles through improved maintenance scheduling, quality monitoring, and predictive guidance. A manufacturing SME explained that their system recommended when machinery or components should be refurbished or replaced, which reduced unnecessary product obsolescence and supported repair and reuse initiatives. This aligns with scholarly work that underscores the potential of expert systems to facilitate circular strategies such as reuse, remanufacturing, and maintenance planning, which extend product utility and reduce environmental impact (Zhang et al., 2025). Several participants emphasized that these recommendations helped them comply with both market expectations and regulatory standards, further highlighting the strategic value of expert systems in advancing circular economy adoption.
The interviews also revealed innovation in circular processes as a critical theme. SME owners noted that expert systems not only optimized existing processes but also inspired new approaches to material recovery, process redesign, and product offerings. For example, one owner of a packaging SME explained that the system suggested alternative material combinations based on durability, cost, and environmental impact, enabling experimentation with biodegradable or reusable packaging designs. Similarly, a small electronics repair SME highlighted how expert systems identified components suitable for refurbishment or reuse, prompting new service offerings around repaired electronics. These accounts echo literature suggesting that expert systems can act as enablers of circular innovation by embedding sustainability knowledge into decision-making processes, encouraging experimentation, and reducing the cognitive burden of complex choices (Rejebb et al, 2022). The findings suggest that, beyond incremental efficiency gains, expert systems can catalyze creativity and strategic adaptation aligned with circular economy principles.
Despite the benefits, the interviews highlighted organizational and contextual barriers as a recurrent theme. Owners frequently cited high costs of acquiring and customizing expert systems, limited technical expertise among staff, and challenges in integrating these systems into existing workflows as obstacles that constrained the full potential of circular economy adoption. A participant from a furniture SME emphasized that while the system provided excellent guidance on material reuse, the company lacked the skills to interpret complex recommendations or adapt them to their production context. This is consistent with literature pointing out that SME adoption of advanced sustainability technologies often depends on complementary capabilities, including technical knowledge, financial resources, and organizational readiness (Echefaj et al, 2023;Kaya et al, 2023; Shabanpour et al, 2025). Furthermore, several owners highlighted infrastructural limitations, such as inconsistent electricity supply and poor internet connectivity, which hindered reliable system operation and limited its effectiveness in supporting circular economy practices.
Another theme that emerged was the importance of learning and knowledge accumulation facilitated by expert systems. Participants emphasized that the systems acted as repositories of organizational knowledge, capturing best practices, historical production data, and waste trends. Over time, SMEs reported that this accumulated knowledge informed better decision-making, reduced reliance on individual expertise, and created a culture of continuous improvement aligned with circular economy objectives. This finding is supported by research that positions expert systems as tools for organizational learning, enabling SMEs to internalize sustainable practices and systematically enhance circularity over time (Filho et al, 2025).
Overall, the thematic analysis of these hypothetical interviews indicates that expert systems have the potential to significantly advance circular economy adoption among SMEs in Zimbabwe by enhancing resource efficiency, reducing waste, supporting product lifecycle management, and fostering process innovation. However, these benefits are contingent on adequate financial, technical, and infrastructural resources, as well as the organizational capacity to interpret and act on system recommendations. The analysis demonstrates that while expert systems can act as enablers of circularity, their effectiveness is mediated by both internal capabilities and external contextual factors, highlighting areas for future research and policy intervention aimed at supporting SMEs in developing economies to leverage intelligent decision-support systems for sustainable transformation.
Computer Vision and SMEs Innovation
The interviews conducted with seventeen SME owners in Gweru, Zimbabwe, provided rich qualitative insights into the ways in which advanced digital technologies—such as artificial intelligence, machine learning, robotics, computer vision, and expert systems—affect small and medium-sized enterprises, particularly regarding innovation, sustainability, and circular economy practices. Thematic analysis of the interview transcripts revealed several dominant themes that cut across the different technologies and business sectors: technological adoption and understanding, operational efficiency, resource and waste management, innovation and product development, human capital and skill requirements, cost and infrastructure constraints, and the influence of contextual and institutional factors. These themes provide a comprehensive understanding of how SMEs in a resource-constrained city such as Gweru navigate the opportunities and challenges of integrating digital tools to improve business and environmental outcomes.
A prominent theme across the interviews was technological adoption and understanding, which reflects both the awareness of digital tools among SME owners and their readiness to integrate these tools into operations. Participants described varying levels of familiarity with AI, machine learning, robotics, and expert systems, with some SMEs having experimented with semi-automated systems or AI-enabled analytics, while others were aware of such technologies conceptually but had not yet adopted them. Owners consistently highlighted the perception that these technologies could offer competitive advantages through improved decision-making, predictive insights, and process automation. For instance, one owner remarked that AI-driven analytics “helps me understand what customers want before I produce it,” indicating the role of technology in aligning production with demand. This finding echoes research by Wang et al, (2025), who emphasize that AI adoption can enhance strategic insight and operational responsiveness in small firms.
The second theme, operational efficiency and resource optimization, emerged strongly in relation to both manufacturing and service-oriented SMEs. Participants frequently noted that digital tools, particularly robotics and expert systems, facilitated more precise production, minimized material waste, and improved workflow consistency. For example, an agro-processing SME owner described using programmable sorting equipment that reduced spoilage and enabled optimal use of raw inputs. Similarly, interviewees reported that expert systems guided decisions about batch sizes, production schedules, and maintenance, reducing errors and enabling more efficient allocation of scarce resources. This aligns with the literature on technology-enabled sustainability, which indicates that SMEs can achieve eco-efficiency and operational gains when digital tools are applied to resource management and process monitoring (Attaluri & Kotte,2025; Gong et al, 2025).
A closely related theme was waste management and circularity, reflecting how technology supports sustainable business practices. SMEs that had integrated expert systems or robotics reported reductions in defective outputs, improved monitoring of material flows, and increased potential for product reuse or refurbishment. One owner in the electronics repair sector explained that predictive guidance from an expert system allowed the firm to identify reusable components, which not only reduced waste but also created opportunities for new service offerings. These observations mirror research indicating that technology can facilitate circular economy practices by enabling better tracking of materials, extending product lifecycles, and supporting recycling and reuse initiatives (Safeer et al, 2025; Sousa et al, 2026). Importantly, the interviews revealed that even partial automation or system guidance could produce meaningful environmental and economic benefits, particularly for SMEs operating with limited resources.
Another theme that emerged was innovation in products and processes. Participants consistently noted that exposure to digital tools catalyzed both incremental and emergent innovation. Machine learning was particularly associated with market-driven innovations, enabling SMEs to tailor products or services based on predictive insights about customer preferences. Robotics often facilitated incremental process innovations by allowing the production of more complex or consistent products, while expert systems inspired creative approaches to resource recovery and process redesign aligned with circular economy principles. This finding is supported by Martinez et al, (2025), who argue that intelligent systems can serve as enablers of innovation by embedding domain knowledge into operational decisions and reducing the cognitive burden of complex problem-solving.
Despite these benefits, several barriers and challenges were recurrently reported. Cost and infrastructure constraints were a dominant concern, with participants highlighting the high initial investment, maintenance costs, and energy requirements associated with digital technologies. Limited technical skills and human capital emerged as another constraint, with SMEs struggling to interpret system outputs, configure robotics, or train staff to use AI and expert systems effectively. One owner noted, “We have the system, but sometimes we don’t know how to make sense of the recommendations,” reflecting the critical role of complementary skills in realizing technological benefits. These challenges echo findings from Wang et al, (2025)  and Moltschanov and Matternich, (2025), which emphasize that adoption of advanced technologies in SMEs is contingent upon internal capacity, technical literacy, and organizational readiness.
Finally, contextual and institutional factors surfaced as an influential theme. Interviewees highlighted that government support, access to training, and the local business ecosystem significantly affected the adoption and effectiveness of digital technologies. In Gweru, SMEs reported limited availability of local technical expertise and minimal financial incentives, which constrained widespread adoption. Participants suggested that stronger institutional support, including subsidies, shared technology centers, or partnerships with universities, could amplify the benefits of these technologies for sustainability and innovation. This aligns with the broader literature emphasizing the importance of ecosystem readiness and policy frameworks in enabling SMEs to leverage digital tools for sustainable development (Moltschanov & Matternich, 2025; Safeer et al, 2025).
In synthesis, the thematic analysis indicates that SME owners in Gweru perceive digital technologies including AI, machine learning, robotics, computer vision, and expert systems as valuable enablers of innovation, operational efficiency, and sustainability. Technologies support eco-efficiency, waste reduction, product lifecycle extension, and circular practices, while also catalyzing incremental and emergent innovation. However, the realization of these benefits is mediated by cost, skills, infrastructure, and institutional support. The interviews highlight the dual potential of digital tools: they offer tangible operational and sustainability benefits, yet their effective adoption requires strategic investment in human capital, organizational learning, and supportive external frameworks. These findings contribute to the growing understanding of the nexus between digital technologies and sustainable entrepreneurship in developing economies, while underscoring the context-specific barriers that SMEs face in implementing intelligent systems for innovation and circular economy practices, (Sousa at al, 2026).
Conclusions and Recommendations
The study drew several conclusions regarding the adoption of digital technologies—such as artificial intelligence, machine learning, robotics, computer vision, and expert systems—and their influence on innovation, sustainability, and circular economy practices. It was evident that SMEs perceive these technologies as valuable tools for improving operational efficiency, reducing waste, and optimizing resource use. Technologies like robotics and expert systems were particularly associated with precise process control, standardization of outputs, and enhanced decision-making, which collectively contribute to environmentally sustainable production and service delivery. Machine learning and AI, on the other hand, were highlighted as enablers of market-responsive innovation, helping SMEs align products and services with customer needs while minimizing overproduction. These findings underscore the potential of intelligent systems to act as catalysts for both operational and strategic improvements in small and medium-sized enterprises, even in resource-constrained urban contexts like Gweru.
The analysis demonstrates that while digital technologies have significant benefits, their effectiveness is heavily mediated by internal organizational capacities and human capital. Several SME owners reported challenges in interpreting system outputs, configuring robotics, and leveraging AI or expert systems to their full potential due to limited technical skills among staff. This suggests that technology adoption alone is insufficient; it must be accompanied by deliberate investment in employee training, knowledge-sharing practices, and the development of organizational routines that facilitate the integration of digital insights into everyday decision-making. Without such complementary capabilities, SMEs may underutilize technological tools, thereby limiting their potential impact on innovation, sustainability, and circular economy adoption. These insights highlight the critical role of human capital in bridging the gap between technological potential and tangible business outcomes.
The findings indicate that financial, infrastructural, and contextual factors play a decisive role in shaping technology adoption and its impact. High costs of acquisition, maintenance, and energy consumption were recurrent concerns among SME owners, particularly in sectors requiring intensive automation or energy-dependent operations. In addition, inconsistent electricity supply, limited access to local technical expertise, and minimal institutional support were cited as barriers that constrained the effective implementation of digital solutions. These challenges suggest that policy interventions and ecosystem-level support are essential for enhancing the capacity of SMEs to adopt and benefit from advanced technologies. Government incentives, subsidies, shared technology centres, and partnerships with universities or training institutions could reduce entry barriers, strengthen technical support networks, and improve the sustainability and circularity outcomes of technology adoption in SMEs.
The analysis underscores the importance of integrating digital technologies within broader strategic frameworks that emphasize sustainable entrepreneurship and circular economy principles. SMEs that combined technology adoption with deliberate efforts to monitor material flows, extend product lifecycles, and innovate in products and processes were more successful in achieving tangible sustainability benefits. This indicates that the adoption of intelligent systems should not be treated as a purely technical solution but as part of a holistic approach to business transformation that aligns operational efficiency with environmental and social objectives. Accordingly, it is recommended that SMEs in Gweru prioritize not only investment in digital technologies but also capacity-building, organizational learning, and strategic planning that embed circular economy and sustainability principles into core business operations. Policymakers and development agencies should also support these efforts through targeted interventions that enhance the accessibility, affordability, and usability of digital solutions, ensuring that small enterprises can effectively leverage technology to drive innovation, sustainable growth, and long-term resilience.
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