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Abstract 

This paper explores the implementation of Industry 4.0 technologies in Small Enterprises (SEs), focusing on 

the unique challenges they face. It presents four case studies demonstrating how low-cost, low-effort solutions 

can enhance efficiency and productivity in small companies. The solutions, developed in a local makerspace, 

address specific manufacturing challenges that lack affordable or existing off-the-shelf solutions. The paper 

highlights the value of iterative prototyping in implementing Industry 4.0 solutions and discusses how this 

approach can help SEs overcome adaptation challenges. 
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1. Introduction 
The need for digital transformation in Small and Medium sized Enterprises (SMEs) is significant, given 

their specific challenges and resource constraints. Incorporating Industry 4.0 technologies and principles 

into manufacturing can empower SMEs to surmount these hurdles by merging the digital and physical 

realms into cyber-physical systems, leading to heightened productivity and efficiency (Kumar et al., 

2021). Several factors currently drive Industry 4.0 adoption in SMEs: new legislation and requirements, 

strategies to reduce costs and expedite a lower time-to-market, and a shortage of skilled personnel 

performing manual tasks (Contreras et al., 2018). However, despite a high level of adoption in larger 

corporations, limited awareness and understanding of the benefits (Schröder, 2016), substantial 

investment needs, risk aversion, and expertise gaps hinder the uptake of Industry 4.0 in SMEs (Stentoft 

et al., 2021). Furthermore, most Industry 4.0 technologies have been developed for or by large 

corporations, often overlooking the needs of SMEs (Masood and Sonntag, 2020). This misalignment 

renders many current technologies both too expensive and specialized for SMEs. Small enterprises 

(SEs), defined by the EU as companies with fewer than 50 employees and an annual turnover of less 

than 10 million euros, encounter even bigger obstacles. These challenges include limited access to 

digital infrastructure, skills shortages, risk aversion caused by small margins and larger consequences, 

and resistance to moving away from traditional work methods.  

This paper details the design and initial testing of low-cost and low-fidelity prototypes that cater to 

specific digitization challenges faced by four different companies in the rural town of Oppdal, Norway, 

each employing between 2 and 50 people. Their location typically restricts access to national funding 

and larger scale digitalization initiatives linked with academic institutions. These businesses encounter 

specific manufacturing challenges that either lack off-the-shelf solutions or find them too costly to 

implement. The cases in this paper were selected based on their potential to illustrate different aspects 

and potentials of digitization, namely efficiency increase through semi-automation, waste reduction due 

to better production volume control, task simplification to decrease human error, and environmental 
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monitoring to enable process automation and/or optimization. The cases provide a detailed 

understanding of the challenges and opportunities associated with digital transformation in SEs. The 

four cases are: the creation of an automated stapler for slat wood panel production, a system to measure 

the area of irregularly shaped slate rock, an environment monitoring system for gourmet mushroom 

production, and a weighing and measuring system for custom ski cores. Prototyping and testing were 

performed by the authors, in close cooperation with key stakeholders, including management and 

production workers, in each company.  

The paper aims to investigate the hypothesis that custom, low-cost, and low-fidelity prototypes can help 

overcome the specific digitization challenges faced by SEs, particularly in rural areas, potentially 

leading to improvements in efficiency, productivity, and performance. In doing so, the paper aims to 

answer the research question: " Can low-cost prototyping aid the adoption of new technologies and 

enable digital transformation in small companies?". We hypothesise that the proposed solutions, 

developed through an in-depth, case-by-case approach, are more likely to succeed in the context of SEs 

than off- the-shelf solutions, as they better address the unique needs, constraints, and risk aversion of 

these companies. Further, by performing in-depth investigations on a small number of companies to 

understand a complex issue in its real-life context (Yin, 1984) we inductively present suggestions of 

critical elements of successful low-cost Industry 4.0 implementation in SEs, in line with case-study 

research guidelines (Eisenhardt, 1989). With this paper we hope to provide valuable insights that can 

drive further research and development in this field of Industry 4.0 development and implementation in 

SEs. The remained of the paper is structured as follows: A brief background section highlight a research 

gap, before the next sections present the 4 different case studies on the prototyping and testing of specific 

solutions for SEs. This is followed by a discussion that details key takeaways and value added in each 

case, the practical implications of this work, and directions for future research.  

2. Background 
Industry 4.0 integrates advanced digital technologies like the Internet of Things (IoT), Big Data 

Analytics, Additive Manufacturing, and Cloud Computing to enhance manufacturing processes, 

enabling more efficient production, and supply chain management (Jimeno-Morenilla et al., 2021; 

Zheng et al., 2021). Recent studies also highlight Artificial Intelligence, 5G/6G and Quantum computing 

as technologies likely to drive Industry 4.0 development (Sigov et al., 2022). This digital transformation 

poses human-cantered challenges, necessitating adaptations in organizational culture and strategy to 

fully leverage the potential of these technologies in a manufacturing environment. 

Although most Industry 4.0 initiatives require substantial investment and adaption (Ghobakhloo and 

Iranmanesh, 2021),  instances of successful Industry 4.0 implementations with limited resources 

exists. These often involve retrofitting existing manufacturing equipment for monitoring usage and 

predictive maintenance, or process monitoring and real-time job tracking (Contreras et al., 2018; 

Jaspert et al., 2021; McFarlane et al., 2022). The primary traits of these initiatives are that they are 

incremental, low-cost, and SME-focused, unlike” traditional” Industry 4.0 implementations that 

strategically digitize the entire value chain and target larger companies (McFarlane et al., 2020). 

Yilmaz et al., (2023) used a similar approach to make a barcode scanner system costing just over 100 

dollars enabling automated inventory tracking for a construction SME that would otherwise not have 

invested in such a system due to cost. These exemplified cases have in common that they utilize off-

the-shelf solutions (OTS). Integrating OTS components with Industry 4.0 methods have been shown 

to trigger business model changes that impact value creation and capture (Müller et al., 2018), 

enhancing productivity and quality (Schneider, 2018), and ensuring sustainability while enhancing 

value creation (Stock and Seliger, 2016). 

This research, however, does not address how SEs can benefit from digitization when off-the-shelf 

solutions doesn’t exist.   

The agile nature of prototyping presents an intriguing strategy for digitizing and improving 

manufacturing capabilities in SEs.  Prototyping, by its very design, allows for iterative development and 

testing, enabling small businesses to explore Industry 4.0 technologies without committing extensive 

resources upfront, and can simplify development of new solutions with focused purposes to test core 

assumptions of eventual designs(Lim et al., 2008), by using prototypes for continuous learning (Lauff 
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et al., 2018) . Prototypes can accommodate changing or emerging requirement(Kriesi et al., 2016), help 

discover unknown unknowns that a new system must accommodate(Steinert and Leifer, 2012), elicit 

the tacit knowledge of the workers the system will be assisting(Ege et al., 2020) and facilitate 

communicating (Buchenau and Suri, 2000). This method stands in contrast to the large-scale, capital-

intensive implementations that have traditionally characterized Industry 4.0 rollouts, placing them 

beyond the reach of smaller firms.  

3. Case studies 
The following sections contain a description of each case study with the identified need, prototyping 

and results of initial testing of each proposed solution.  

3.1. Case study 1: An automated stapler for acoustic slat panel production  

The subject of the first case study is a small producer of acoustic slat wood panels, catering to both 

consumer and professional markets. The consumer offerings are standardized in size and material 

options, while the professional range is tailored to specific project requirements. Each panel comprises 

wooden slats affixed to a synthetic backplate through a combination of glue and staples. The production 

process involves manually positioning the slats within a jig, followed by the placement of a synthetic 

felt backplate, which is then stapled from behind. This hand-operated assembly method has been 

identified as laborious and repetitive, contributing to significant physical strain on the workers, 

particularly affecting their backs and shoulders. Despite the availability of mechanized solutions for 

panel assembly, the company's limited financial capacity and concerns over market volatility have 

precluded the investment in such technology. Consequently, the company needs a cost-effective, 

adaptable solution to enhance productivity without compromising the ability to accommodate varying 

sizes and types of panels. 

An initial small-scale prototype was built to identify and assess necessary components, requirements, 

and software. A combination of aluminium extrusions and 3D printed carriages powered by stepper 

motors, with a pen serving as a stand-in for the staple gun (Figure 1a), constituted the first prototype. 

Through iterative refinements, the design evolved to meet the emerging demands and incorporate new 

insights gained during the development process. One of the key insights revealed during prototype 

testing was that the adjustable z-axis of the system, that had initially moved the pen up and down, was 

unnecessary, as the backing plate was smooth enough that the staple gun could simply glide across it 

without having to move up or down. This change from the initial requirements, that were defined prior 

to prototyping, decreased the complexity, and cost of the system.  

The culmination of prototyping activities is a final prototype consisting of aluminium extrusions along 

the workbench where a jig was mounted. A mobile carriage, equipped with the stapling gun, traverses 

these extrusions, powered by two stepper motors via belts (Figure 1b). The actuation of the staple gun 

is achieved through a servo motor. Figure 1c shows a block diagram of the entire system.  

Initial evaluations of the automated system have showed several benefits, including increased 

operational efficiency, better product quality with less risk of human error, and improved labour 

conditions. The automation of stapling allows for concurrent task execution, in which the worker is able 

to prepare the next panel during stapling. A benchmark test of the system with a comparison to the 

current manufacturing process can be found elsewhere in literature (Kildal et al., 2024). It shows that 

implementing the system as is, has the potential to decrease the production rate of acoustic slat panels 

by more than 40%, a significant decrease when keeping in mind that the system has a material cost of 

less than 400 euros. Moreover, the machine demonstrates consistency, completing nearly identical 

operational cycles. This attribute of consistent performance bolsters the reliability of the production 

process and fortifies planning capabilities. The precision in nail placement reduces material waste and 

increases the durability of the panels by preventing wood splitting, a common issue in manual assembly 

that leads to rework and discarded products.   
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Figure 1. (a) Scaled down prototype with a pen serving as the tool; (b) Final prototype;  

(c) Block-diagram of the machine system 

3.2. Case study 2: Measuring the size of irregularly shaped slate rock  

The second case study examines the production of slate rock products. Production and processing are 

adjacent to a slate quarry, where local stone cutters craft a variety of slate items ranging from flagstone 

to machine-cut and polished tiles. The task of splitting and shaping slate blocks into varied products is 

intricate and sensitive, making it challenging to fully automate, particularly considering financial 

constraints. The company, selling slate by area, faces difficulties in measuring the quantity of slate 

packed on each pallet, with irregularly shaped flagstones presenting a specific challenge. The variation 

in thickness, both within individual slates and between different pieces, renders weight measurement 

ineffective for determining quantity. To guarantee customer satisfaction, the company habitually 

overloads pallets, a practice derived from trial and error to avoid complaints of underfilled orders, 

leading to waste. An accurate system to measure irregularly shaped slates before packing could notably 

reduce this waste and provide data on the extent of over-delivery.  

An initial prototype system utilizing laser-cut mock slabs and a computer vision system (OpenCV 

(Bradski, 2000)), was devised to ascertain if it could accurately gauge slab areas of unregularly shaped 

flagstone. It utilizes a camera phone situated above the mock slabs (Figure 2a), sending images to a 

computer running OpenCV, allowing for the identification of the most promising algorithms. Tests 

revealed that the most effective method in essence entailed determining the slab contours and counting 

the enclosed pixels ,and thus was selected for further testing. To increase the system’s accuracy, 

calibration tools were iteratively implemented throughout the process to account for different cameras 

and test environments.  

Initial field tests on a black conveyor belt highlighted the grey slabs' contrast, aiding measurement 

accuracy (Figure 2b and c). To test the accuracy of the system and circumvent operational challenges, a 

separate measuring station was established next to the conveyor belt (Figure 2d), with a black fabric 

backdrop and an overhead camera for slab imaging before packing. Calibration was performed using 

laser-cut plates of known dimensions and confirmed the system's precision with an error under 1%. The 

system was programmed to keep track of the total packaged area and notify the operator when the pallet 

https://doi.org/10.1017/pds.2024.30 Published online by Cambridge University Press

https://doi.org/10.1017/pds.2024.30


 
DESIGN ORGANISATION, COLLABORATION AND MANAGEMENT  279 

approached its predetermined capacity of 15 square meters. In order to assess the potential and 

implication of implementation, a finished packed pallet of flagstone was measured using the prototype 

system. The pallet was intended to contain 15 square meters, but the system revealed an area of 18.82 

square meters – nearly 26% over the intended area that is in practice a finished product given away as 

the company only charges the 15 square meters.  

 
Figure 2. (a) Initial prototype setup; (b) Raw input from camera; (c) Computer vision result; 

(d) Physical test setup 

3.3. Case study 3: Simplifying density measurement of custom wooden ski cores 

The third case study investigates a small-scale ski manufacturer that specializes in the production of 

bespoke touring and downhill skis. A critical step in their production, and what separates them from 

large-scale manufacturers, involves the meticulous measurement and weighing of ski cores—the 

primary wooden structure within the ski—to accurately gauge their density. Matching the density of the 

cores for each pair is paramount to ensuring uniformity in performance characteristics. The density is 

also a main factor when deciding the appropriate shape and width of each ski pair. Given the handmade 

nature of these cores and the inherent variability in wood density, the precision in determining each 

core's density is vital for shaping the ski and achieving optimal performance. Traditionally, the process 

has been laborious and prone to human error, involving manual measurements of each core's 

dimensions, followed by weighing, and then referencing a density chart based on these inputs. This 

method not only consumes significant time but also limits production efficiency, with the task entrusted 

to a single experienced worker, highlighting the need for a more streamlined approach. 

To address these challenges, a novel prototype was developed (as shown in Figure 3), employing a load 

cell for weight measurement and a linear potentiometer linked to a tension spring for determining the 

core's width. This setup, supported on a platform designed to hold the ski core, allows for the input of 

the core's length and thickness via two knobs. An Arduino microcontroller processes the sensor data to 

calculate the core's density, with results displayed on an OLED screen.  

    
Figure 3. a) Block diagram wooden ski core measurement system; (b) Prototype solution 
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3.4. Case study 4: Environment monitoring system for gourmet mushroom 
production  

The final case study explores how a small-scale gourmet mushroom producer can enhance and optimize 

its cultivation processes through precise environmental control. At present time the producer is relying 

on qualitative assessments and intuition for controlling the humidity and temperature where mushrooms 

are grown, lacking both precision and knowledge on optimal environment characteristics. To address 

the lack of data and control over the production environment, an Arduino Nano 33 IoT based monitoring 

system was prototyped. The system, illustrated in Figure 4a, contains sensors able to measure CO2 

concentration, humidity, light conditions, ambient temperature, and temperature within buckets where 

mushrooms were growing. The Arduino board offers plug-and-play Wi-Fi capabilities, which allowed 

real-time data monitoring and cloud connectivity of the system. The monitoring system collected data 

on all critical environmental parameters (Figure 4b), aiming to improve understanding of optimal growth 

conditions and inform decisions to optimize yield. By using the system and recording production 

volumes the company could learn what the optimum environment was and how to control it. 

    
Figure 4. (a) Block diagram of gourmet mushroom measurement system; (b) Example data 

produced by the monitoring system 

4. Discussion  
The essence of the presented case studies lies not in offering complete, industrial solutions, but in 

demonstrating the potential of low-cost prototyping efforts to inform the decision on whether to advance 

with technological integration to initiate digital transformation. These prototypes and case studies show 

that low-cost prototyping might aid the adoption of new technologies and enable digital transformation 

in small companies. They also appear to support the hypothesis that solutions developed through an in-

depth, case-by case approach, characterized by iterative development, are more likely to succeed in the 

context of SEs than off-the-shelf solutions, by better addressing the unique needs and constraints of 

these enterprises. The following section presents key takeaways from each case to underscore this 

argument.  

4.1. Key takeaways and value added from case studies 

The case studies and feedback from key stakeholder in the companies highlight several key benefits of 

low-cost prototyping to initiate digital transformation. Firstly, the presented examples provide a low-

risk entry point for small companies to explore digitization. It fostered skill transfer, equipping workers 

and management with a better understanding of the potential applications of new technologies and 

sparked interest in further exploration, and importantly, did so without requiring significant investments. 

The following key takeaways and value were created from each case study: 

 

Case 1: The automated nail gun prototype brought forth significant improvements in efficiency by 

potentially decreasing the production time by more than 40%, improved process reliability by reducing 

the chance of error during production and has the potential of improving worker well-being by removing 

a straining procedure. Importantly, it also catalysed discussions among staff and developers about 
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further integration into the factory workflow, highlighting the potential for full-scale operational 

transformation. The system's ability of repeated production time could potentially leading to better 

production planning capabilities. Being a machine, as opposed to a worker, the prototype can also gather 

data that could inform algorithms that improve production efficiency and planning.  

 

Case 2: As a pilot implementation, the slate measurement system demonstrated technical viability and 

the potential for the digital transformation of packing facilities. Beyond its ability to accurately measure 

slates, the system offers the prospect of providing accurate production data, which could markedly 

enhance production planning and operational efficiency, thereby enabling the adoption of Industry 4.0 

principles. The findings presented in this paper highlight the significant savings potential of this 

technology. Consequently, the company has decided to proceed with its development, thus highlighting 

the potential of using prototypes to mature digitization decision and uncover a viable technological 

solution at low risk. Currently, efforts are focused on developing a comprehensive system capable of 

measuring each slate on the conveyor belt, categorizing it correctly into one of around 20 product lines 

based on thickness and are, and ensuring it is packed onto the appropriate pallet for full-scale 

implementation.  

 

Case 3: The ski core density measurement overhaul exemplifies streamlining and error reduction in a 

critical production process. By eliminating the need for extensive density tables and accommodating 

new ski dimensions effortlessly, the system showcased the potential for significant time and resource 

savings. Following the implementation of the system, the ski producer plans to add a new line of skis 

with different sizes than current lines, that would require more than 60 new density tables to be printed 

and used during manufacturing. The new system on the other hand accommodates these new dimensions 

without extra effort.  

 

Case 4: The gourmet mushroom production case illustrates the foundational role of data collection in 

transitioning towards Industry 4.0. By implementing an affordable, bespoke monitoring system for 

mushroom cultivation, the producer not only gains insights into optimal growth conditions but also 

enables broader digital transformation. The approach democratizes access to data analytics, enabling 

even small-scale operations to leverage technological advancements for improved outcomes. 

 

The role of user engagement in these case studies is paramount, offering insights into the practical 

implications of integrating new technologies into existing workflows. Active involvement of workers 

and management in the prototyping process ensures that the developed solutions are not only technically 

viable but also practically applicable, addressing real-world challenges encountered in daily operations. 

As employees witness and contribute to the incremental improvements and successes of prototype 

development, their buy-in and enthusiasm for change are likely to increase, thereby easing the transition 

towards more advanced manufacturing systems. It also helped alleviate the scepticism of workers that 

for different reasons either misliked the idea of change or didn’t belive that new solutions could improve 

their daily work. For instance, in Case 1, the dialogue initiated between employees and developers 

regarding the automated nail gun prototype led to insights into how the prototype could be integrated 

into existing workflows, highlighting areas for further refinement and potential expansion of its 

application. This collaborative approach provided developers with the information needed to solve both 

the technical and practical needs of the workers, enhancing the likelihood of successful adoption and 

utilization. This participatory approach to implementing Industry 4.0 could potentially help address the 

skill shortages often encountered by SEs, as it serves as an on-the-job training mechanism that upskills 

the workforce while new systems are being developed and refined. Similarly, in Case 3, the involvement 

of ski production workers in testing and providing feedback on the ski core density measurement system 

allowed for adjustments that significantly increased the prototype's utility. Workers' insights into the 

operational challenges of ski production, such as the need for dust shielding and accommodating a wider 

range of ski models, were crucial in tailoring the system to meet the company's specific needs. This 

engagement not only improved the prototype's design but also built a sense of shared accomplishment 

and commitment to the project's success within the company. 
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Access to a local makerspace has proven instrumental in this context, providing a collaborative 

environment where ideas can be rapidly prototyped, tested, and refined. Makerspaces offer the resources 

and equipment needed to bridge the gap between concept and reality, enabling experimentation and 

iterative develop of technological solutions. Having these capabilities in close vicinity to the companies 

meant that iterations and alterations could be performed quickly, to adapt to new learnings and insights 

gathered during testing or in conversation with users.  

In each case, prototyping emerges as a critical step in the path toward digital transformation, allowing 

companies to explore the feasibility and impact of technological solutions in a controlled, cost-effective 

manner. These prototypes serve as proofs of concept, demonstrating how digital technologies can be 

tailored to meet the specific needs of SEs. They enabled concept validation and adaption to operational 

feedback at an early enough stage that it could be changed- something that might not had happen if the 

companies were to invest in equipment made for them by others. Furthermore, this approach mitigates 

risk for companies considering further investment in developing these solutions. It involves the iteration 

of multiple concepts, with the most promising selected for further development. For example, in case 2, 

the technology is validated early, minimizing the risk of investing significant time and money in a 

solution that ultimately proves unfeasible. Similarly, case 1 allows for the assessment of potential time 

savings from implementing a staple gun robot, thereby providing a clearer understanding of the trade-

offs between discontinuing the project and advancing it. This strategic method ensures resources are 

allocated efficiently, optimizing the decision-making process regarding technological investments. 

Simultaneously, prototyping provided valuable insights into the operational changes required for their 

successful implementation. Through this process, SEs are equipped to make informed decisions about 

pursuing further development and integration of these technologies, thereby laying the groundwork for 

broader adoption and more significant impacts in the future. 

4.2. Practical implications 

The discussion around prototyping digital solutions for SEs raises important questions about companies' 

internal capabilities and the necessity of collaboration. The work presented in this paper relied on the 

involvement with an academic institution to undertake the development project, implying that there is 

still a critical need to address the sustainability of such initiatives within the companies themselves. 

Solutions could be to foster either in-house or locally accessible prototyping capabilities, such as through 

rural makerspaces with access to competent personnel but would likely necessitate external funding. 

Moreover, it is important to clarify that our study does not suggest that SEs should independently 

undertake the development of these solutions without external support. Instead, we emphasize the value 

of the prototyping approach we have implemented as a viable method for developing solutions 

specifically tailored to the unique challenges and needs of SEs. 

One of the main issues when trying to enable digital transformation in SEs is that they might don’t know 

themselves what they need. For instance, the company from case 1 initially presented their idea of how 

to automate their production by buying a universal robot arm that they envisioned could perform all the 

manual tasks of assembling the acoustic panels. The company neither considered the practical 

implications of installing or working with a robot, nor its cost or the fact that no one had the knowledge 

on how to operate or maintain such a robot. They were also unaware of any potential efficiency gain 

from implementing it. This example emphasizes the need for a more grounded approach to identifying 

and developing technological solutions, especially for SEs, where the value of practical, scalable 

solutions is recognized over high-cost, complex systems. 

It is worth noting that this paper solely investigates solutions at a prototype level- meaning that results, 

although promising, could improve even more given refinement and optimization. Future work should 

aim to validate these findings across a larger sample of SEs and in different contexts and include more 

case studies to substantiate and expand upon initial findings. Moreover, expanding the research to 

encompass long-term studies based on quantitative data could offer insights into the enduring effects of 

these technological adoptions, evaluating how SEs evolve post-implementation and the sustained 

relevance of the prototypes. In-depth exploration into the mechanisms for scaling these prototyping 

approaches to benefit a larger segment of the industry is also crucial. Investigating how these practices 
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can be adapted and applied in different contexts, particularly in rural and under-resourced areas, can 

offer pathways to more inclusive digital transformations. 

4.3. Limitations 

Although the findings presented in this paper are promising, the research is based on a select number of 

case studies, which, while diverse, may not fully represent the broad spectrum of challenges and 

opportunities faced by SEs across different industries and regions. Further, the involvement with 

academic institutions played a significant role in the development of prototypes, highlighting a 

dependency that may not be feasible for SEs and that needs to be addressed in future research. The 

findings in the paper are based on initial tests of prototypes that indicate the possibility for improvements 

rather than providing quantitative data on the actual impact. Measuring the long-term impact of the 

solutions is therefore subject to future work. Based on these limitations, the broader implications of 

these findings need to be interpreted with caution until further research is conducted.  

5. Conclusion 
This study suggests that customized, low-cost Industry 4.0 solutions can help address specific challenges 

faced by Small Enterprises (SEs), particularly those in rural areas. Through a case-by-case approach 

involving prototyping and iterative development, these solutions were found to improve operational 

efficiency, product quality, and foster skill transfer. However, given the limited number of case studies, 

these promising results should be interpreted with caution, requiring further research to confirm and 

generalize these findings. Future work should include more case studies and explore aspects like long-

term impacts or scaling strategies. This research presents a promising direction for Industry 4.0 

implementation in SEs, potentially enabling more inclusive and sustainable digital transformations 

across the sector, especially in rural and under resourced areas. 
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