
 

   

 

EDIT THIS TEXT WITH YOUR REPORT TITLE 

 

Dr Jen Nelles 
Oxford Brookes University 

Dr Hamisu Salihu 
Warwick University 

Dr Lauren Tuckerman 
University of Glasgow 

Prof Tim Vorley 
Oxford Brookes University 

 
  

 

 

 
  

REPORT PREPARED BY 

 
   

LESSONS FROM THE 
HISTORY OF 

TECHNOLOGY DIFFUSION 
AND ADOPTION 

 

IRC Report No: 016 
 

   
  

  
  

 

    



 

 
 Innovation & Research Caucus| 2 

 

LESSONS FROM THE HISTORY OF TECHNOLOGY DIFFUSION AND ADOPTION 

Executive Summary ........................................................................................................ 4 

1 Introduction ........................................................................................................... 8 

1.1 “Those who do not learn from the past are doomed to repeat it” ...................... 8 

1.2 Contributions ..................................................................................................... 9 

2 Conceptual background ...................................................................................... 10 

2.1 Defining adoption and diffusion ....................................................................... 10 

2.2 Big questions and key considerations for framework development ................. 13 

2.3 Case selection ................................................................................................ 15 

3 Adoption and diffusion frameworks ..................................................................... 17 

3.1 Adoption .......................................................................................................... 18 

3.2 Diffusion .......................................................................................................... 25 

4 Adoption and diffusion patterns in three technology families .............................. 30 

4.1 Advanced materials & manufacturing ............................................................. 36 

4.2 Energy & Environmental ................................................................................. 42 

4.3 Health & Wellbeing ......................................................................................... 49 

5 Conclusions and insights .................................................................................... 56 

References .................................................................................................................... 62 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 Innovation & Research Caucus| 3 

 

LESSONS FROM THE HISTORY OF TECHNOLOGY DIFFUSION AND ADOPTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

Authors 
The core members of the research team for this project were as follows: 

 Dr Jen Nelles – Oxford Brookes University 
 Dr Hamisu Salihu – University of Warick 
 Dr Lauren Tuckerman – University of Glasgow 
 Prof Tim Vorley – Oxford Brookes University 

This document relates to IRC Project IRCP0017: Technology adoption and diffusion 

Acknowledgements 

This work was supported by the Economic and Social Research Council (ESRC) grant 
ES/X010759/1 to the Innovation and Research Caucus (IRC) and was commissioned 
by UK Research and Innovation (UKRI). We are very grateful to the project sponsors 
at UKRI for their input into this research. The interpretations and opinions within this 
report are those of the authors and may not reflect the policy positions of UKRI. 

We would also like to acknowledge and appreciate the efforts of the IRC Project 
Administration Team involved in proofreading and formatting, for their meticulous 
attention to detail and support.  

 

About the Innovation and Research Caucus 

The IRC supports the use of robust evidence and insights in UKRI’s strategies and 
investments, as well as undertaking a co-produced programme of research. Our 
members are leading academics from across the social science community, who are 
engaged in different aspects of innovation and research system. We connect the 
social sciences, UKRI, Innovate UK IUK) and the ESRC, by providing research 
insights to inform policy and practice. Professor Tim Vorley and Professor Stephen 
Roper are Co-Directors. The IRC is funded by UKRI via the ESRC and IUK. The 
support of the funders is acknowledged. The views expressed in this piece are those 
of the authors and do not necessarily represent those of the funders 

 

Cite as: Nelles, J., Salihu, H., Tuckerman, L. & Vorley, T. Nov 2024. Lessons from 
the history of technology diffusion and adoption. Oxford, UK: Innovation and 
Research Caucus. 



 

 
 Innovation & Research Caucus| 4 

 

LESSONS FROM THE HISTORY OF TECHNOLOGY DIFFUSION AND ADOPTION 

Executive Summary 
The adoption and diffusion of innovations or new technologies play crucial roles in driving 
economic growth and societal transformation (Rodríguez‐Pose, 1999; Zheng et al., 2024). 
However, it is important to note that both within the UK and internationally, the diffusion 
of technologies across industries, regions or countries has been uneven. Society is facing 
concurrent paradigm-shifting opportunities and challenges from rapid technological 
advancements in, for example, digital/AI, robotics, and bioengineering. To maximize 
economic, societal and environmental benefits of emerging technologies, adequately 
manage the risks, and do so responsibly, is likely to depend on widespread adoption and 
diffusion of beneficial applications of technology across businesses and society. Ideally, 
those technological transitions will occur within an appropriately regulated environment. 
The IUK’s Horizon Scanning team initiated this project to understand what lessons from 
the past can help us to overcome adoption and diffusion challenges. This report reflects 
on the many barriers to adoption and diffusion of technologies, drawing lessons from the 
past and present to inform future innovation support. 

Rather than focusing on early adopters, this research explores the factors that enable or 
constrain mass adoption (and hence, broad diffusion) of innovation. It is in this phase 
where cultural, behavioural, and social factors exert influence on adoption decisions in 
addition to more frequently cited constraints or enablers such as cost, regulatory 
environment, labour, and skills. While this report acknowledges the gamut of factors that 
affect technology adoption decisions, we are particularly interested in exploring issues 
beyond the bottom line to engage with how questions of fairness, responsibility, and risk 
management have shaped diffusion patterns. 

 

This report has two main contributions: 

(1) A set of frameworks for UKRI and government departments to sense check issues 
associated with the adoption and diffusion of innovations with a view to better inform and 
improve the design of interventions.  

(2) A series of case studies that trace technology adoption and diffusion stories from 
the past and present, with reflections on how these can inform thinking about the future. 
We focus on three technology families: advanced materials & manufacturing, energy & 
environmental, and health & wellbeing. Through these examples, we want to understand 
what factors influenced how previous examples played out, how barriers were overcome, 
whether any government interventions helped improve the rate and experiences of 
adoption and diffusion and how we can learn from these to support adoption and diffusion 
of modern and emerging technologies for optimised outcomes.   
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The frameworks were designed to be a tool to help policy makers and programme 
designers develop an understanding of what kinds of barriers might exist to getting 
specific technologies to spread from early adopters to a wider community, and how public 
stakeholders might intervene to reduce constraints and multiply opportunities for 
adoption.  

The adoption and dissemination frameworks are both designed around a series of 
questions that can be used either directly with target communities or to help structure 
programmes.   

We specifically focus on how policy and interventions can support the diffusion of 
innovations to the critical point in technological development where they become widely 
adopted. There is role for policy actors in affecting both the dissemination and adoption 
of innovations and it is likely that targeted interventions can help individual firms or classes 
of firm become more receptive to innovation. However, there is no one answer that is 
appropriate to every firm, industry, or context. Different factors will affect businesses, and 
their innovation adoption decisions, differently.  As the structure of the adoption 
framework demonstrates especially, adoption decisions are complicated and can be 
impacted at different stages. That is why it is crucial to understand the specific context of 
the target business, group of businesses, or industry and where in the decision-making 
process to intervene to select the appropriate factors for intervention. These frameworks 
are specifically designed to develop that understanding to enable more precise and 
effective interventions. 

Exploring these case studies, which vary significantly in terms of the nature of 
technologies and the markets within which they have diffused, provided an opportunity to 
test the value of the frameworks and enabled us to revise them to fill in any gaps. This 
iterative process enabled us to strengthen the frameworks as well as provide a robust 
approach to understanding the cases themselves. The process also generated the 
following lessons: 

 

 Intermediaries can accelerate diffusion: For many of these cases, 
intermediaries (most frequently governments and their stakeholders) have played 
an important role in shaping diffusion. This can happen on the supply side or the 
demand side. On the supply side, government intervention can help technologies 
reach appropriate levels of development for market, provide assistance so that 
production can be scaled to a point to where more widespread adoption is 
possible, or help technologies develop features or production methods to the point 
where they are cost effective. On the demand side, governments can also affect 
costs by negotiating supply, can increase the attractiveness of certain technologies 
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through regulatory activities (see the mRNA case for good examples of both of 
these), provide resources (information or material) to boost capabilities, and more.  

 Labour and workforce implications can disrupt adoption: Degree of workforce 
buy in and broader impacts on labour are often considered secondary in adoption 
models but can be important considerations in adoption processes. Workers 
engaging in machine breaking slowed but did not impede the diffusion of steam 
powered factories. The case of industrial robotics shows that these kinds of 
disruptive behaviours continue to be a problem when workers have not bought into 
technological changes.  

 Cost/benefit analysis is shaped by a variety of factors across the 
willingness-capability-capacity nexus: What the technology costs is different 
from what it costs business to integrate it. This is evident by how these 
considerations emerge at different points in the framework. For instance, the cost 
of a technology relative to alternatives can affect a business’ willingness to 
consider the technology. Customer and demand patterns can also affect that 
willingness. Market conditions, such as demand cycles, can influence cost 
calculations of both capability and capacity. The capital cost of the technology 
influences capability whereas the costs of implementation affect both capability 
and capacity. 

 Technological systems matter: Adoption of all these technologies required the 
development of further innovations to increase their utility, make them accessible 
to different industries, lower costs. Just as the boom in software was a key to the 
ICT revolution so too will the development of related technologies affect the 
perceived feasibility of the technology families studied here. Gas lighting was only 
possible because of developments in storage and transport infrastructure. Steam 
energy was only relevant to industry when a wider variety of machinery was 
developed to use its power. Gene editing will become more accessible when 
delivery methods are simplified and scalable. Solar becomes more feasible as 
battery storage technology improves. 

 The decision to adopt, or not adopt, a technology rarely comes down to just 
one consideration: The adoption framework matrix attempts to capture the high-
level considerations that influence adoption decisions – but it’s still quite a lot! 
While case studies generalise lessons at the industry scale, they demonstrate how 
many factors can act on businesses and be considered simultaneously. This 
suggests that it may be difficult to narrow down a single barrier to adoption that is 
solely responsible for adoptions decisions and rather that the combination of 
factors, both positive and negative, ultimately shape outcomes.  
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 Do not overlook social and behavioural influences on adoption decisions: 
Adoption frameworks often privilege tangible factors such as costs or skills while 
reducing fewer tangible dimensions to categories such as “culture” or “attitudes”. 
This research shows that considerations about values, reputation, ambition, and 
risk can be equally important in shaping technology adoption decisions – 
particularly by influencing the willingness of businesses to consider (specific types 
of) technological solutions. Indeed, reinforcing the previous point, these kinds of 
social and behavioural factors should not be considered “in addition to” the more 
concrete factors, but should rather be understood as important lenses that colour 
firm perceptions and priorities as they consider things like cost. Given that the 
social and behavioural factors in our framework are typically inherent to firms and 
their leadership, they can be more difficult to overcome than capability (e.g., 
resource) limitations.  

Increasing technology adoption and diffusion is an important ingredient in stimulating the 
innovation economy and increasing prosperity. However, this research demonstrates that 
it is an extremely complex set of problems that defy easy or expedient solutions. This 
report provides some context, and a set of tools, to enable stakeholders to make sense 
of the technology trajectories that they want to influence. It is accompanied by a summary 
guidance document, which provides a quicker and more accessible introduction to the 
frameworks, how we used them in our case studies, and how they can be applied in other 
contexts. These tools will be useful in interacting with individual businesses to understand 
their decisions and in considering trends within whole industries. They will also be useful 
to understand how to effectively align public policy goals with practice to ensure that 
technology adoption supports sustainable, responsible, and equitable innovation. 
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1 Introduction 
As the first industrializer in the world, the United Kingdom has a rich history of 
spearheading invention, innovation, and the widespread diffusion of new technologies. 
From as early as the invention of the steam engine in 1668 to more recent breakthroughs 
like the Astra Zeneca anti-COVID-19 vaccine, the UK has consistently been at the 
forefront of technological advancement.  

The adoption and diffusion of innovations or new technologies play crucial roles in driving 
economic growth and societal transformation (Rodríguez‐Pose, 1999; Zheng et al., 2024). 
However, it is important to note that both within the UK and internationally, the diffusion 
of technologies across industries, regions or countries has been uneven. Society is facing 
concurrent paradigm-shifting opportunities and challenges from rapid technological 
advancements in, for example, digital/AI, robotics, and bioengineering. To maximize 
economic, societal and environmental benefits of emerging technologies, adequately 
manage the risks, and do so responsibly, is likely to depend on widespread adoption and 
diffusion of beneficial applications of technology across businesses and society. Ideally, 
those technological transitions will occur within an appropriately regulated environment.   

However, despite notable successes, challenges persist in the UK with respect to 
ensuring profitable, equitable and inclusive adoption and diffusion of new technologies 
across all segments of businesses and society. Haldane (2018, p.7) reflects that: 

Typically, we think of “Research and Development” (R&D) as a rhyming 
couplet. In the UK’s case, the R and the D do not seem to rhyme. The UK 
does R well, as a world-leading innovation hub. But it does D poorly, where 
the D refers not just to development but the diffusion and dissemination of 
innovation to the long, lengthening, languishing lower tail. When it comes to 
innovation, the UK is a hub without spokes.  

In the same vein, others have drawn attention to the so-called ‘valley of death’ between 
the UK research and innovation successes and commercialization of new technologies 
or services. In fact, the UK’s stagnant productivity has been attributed to low levels of 
technological uptake in businesses (Mudie, 2022).  

1.1 “Those who do not learn from the past are doomed to repeat it” 
The IUK’s Horizon Scanning team initiated this project to understand what lessons from 
the past can help us to overcome adoption and diffusion challenges. This report reflects 
on the many barriers to adoption and diffusion of technologies, drawing lessons from the 
past and present to inform future innovation support. Technologies tend to emerge in 
waves and each wave has had a massive and irreversible impact on wealth, society, 
culture and the environment. As we look to reap the benefits of emerging technological 
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trends, we need to learn from the past to avoid repeating mistakes. Many of the 
challenges we are facing now with adoption and diffusion, such as lack of necessary 
skills, lack of understanding in society and the workforce, uncertainty on how to teach or 
train young people, senior management of firms who are unwilling to invest early, and 
fear of jobs being replaced by technology, have been experienced in every new wave of 
technology. Exploring the obstacles experienced in the past and present can help us 
foresee, and mitigate, the challenges of the future. Similarly, in learning from the past, we 
may be able to position ourselves better to ensure that the adoption of, and benefits from, 
technology are fairer and more equitable and that they are more likely to offer solutions 
to grand challenges than exacerbate them. 

Rather than focusing on early adopters, this research explores the factors that enable or 
constrain mass adoption (and hence, broad diffusion) of innovation. It is in this phase 
where cultural, behavioural, and social factors exert influence on adoption decisions in 
addition to more frequently cited constraints or enablers such as cost, regulatory 
environment, labour, and skills. While this report acknowledges the gamut of factors that 
affect technology adoption decisions, we are particularly interested in exploring issues 
beyond the bottom line to engage with how questions of fairness, responsibility, and risk 
management have shaped diffusion patterns. 

1.2 Contributions 
To that end, this report consists of two main contributions:  

(1) A set of frameworks for UKRI and government departments to sense check 
issues associated with the adoption and diffusion of innovations with a view to 
better inform and improve the design of interventions. The adoption framework 
breaks factors affecting technology adoption decisions down into those shaped by 
willingness, capability, and capacity across four parts of the business (workforce, 
management, production, and external-customers/markets). The diffusion 
framework offers insight into the different social structures that enable information 
about new technologies to travel through and across sectors. The frameworks are 
structured around key questions and considerations to help stakeholders diagnose 
and predict pinch points affecting adoption decisions. 

(2) A series of case studies that trace technology adoption and diffusion stories 
from the past and present, with reflections on how these can inform thinking about 
the future. We focus on three technology families: advanced materials & 
manufacturing, energy & environmental, and health & wellbeing. The adopters in 
these case studies differ – from purely private sector, a mix of public and private, 
and the public sector – offering a variety of perspectives on adoption dynamics. 
Through these examples, we want to understand what factors influenced how 
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previous examples played out, how barriers were overcome, whether any 
government interventions helped improve the rate and experiences of adoption 
and diffusion (though noting policy intervention approaches were undertaken in 
very different social and economic times) and how we can learn from these to 
support adoption and diffusion of modern and emerging technologies for optimised 
outcomes.   

The frameworks and case studies were developed in parallel. The frameworks were 
initially informed by a literature review but were then adjusted as case studies revealed 
gaps and issues that were not initially addressed. We explored the case studies through 
the lens of the frameworks, both to draw out lessons for that technology family and stress 
test the frameworks to ensure robustness.  

In what follows, this report establishes the conceptual background, defining adoption and 
diffusion and situating them as foundation to innovation and prosperity. It then presents 
the adoption and diffusion frameworks. These sections focus on explaining the structure 
of the frameworks and elaborating their innovative features, which are designed to enable 
more insightful diagnosis of adoption constraints and of diffusion barriers. These 
frameworks were tested in, and reciprocally informed by, the case studies. The case study 
section begins with an extended summary of interesting findings by time period before 
turning to the nine detailed accounts for each technology (3 technology families x 3 time 
periods). The report concludes with a summary of key lessons from the case studies and 
looks forward to how they can be leveraged to achieve more effective, but also more 
responsible, sustainable, and equitable adoption and diffusion. 

 

 

2 Conceptual background 
2.1 Defining adoption and diffusion 

This report focuses on the adoption and diffusion of technologies. These concepts are 
related and often conflated so it is important to be precise about how they are defined 
and are associated with one another. 

Technology adoption refers to individual or organisational decisions to use or implement 
the technology. Per Lewis and Seibold (1993) in Bui (2015, p.3) adoption is commonly 
described as “the implementation and assimilation of an innovation within an 
organization”. The study of technology adoption, therefore, focuses on what affects the 
decisions of principals within businesses to use specific technologies. 
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Technology diffusion refers to the spread of technology through economies. We use 
the Strang and Soule (1998, p.266) definition which describes it as “the spread of 
something within a social system. The key term here is “spread”, and it should be taken 
viscerally (as far as one’s constructionism permits) to denote flow or movement from a 
source to an adopter, paradigmatically via communication and influence”. The study of 
diffusion typically focuses on the social and systemic spread of ideas, innovations, or 
technologies – tracking the speed of transmission and characteristics of populations 
through which certain ideas travel and are implemented more quickly (Rogers, 2003; 
Valente, 2005; Strang & Soule, 1998). Diffusion is also sometimes discussed in terms of 
mechanisms or pathways (Zhou et al. 2023). This is about how ideas spread, whether 
through face-to-face contact, media, or some other methods. 

Adoption and diffusion are closely related concepts to the degree that diffusion is typically 
measured in terms of rates of adoption. The process of diffusion is rarely linear or 
straightforward (see Figure 1).1 Furthermore, decisions around adoption differ from 
business to business, from industry to industry, and innovation system to innovation 
system etc. 

 

 
Figure 1: Differences between perception and reality of how adoption and diffusion work (DSIT 
2023) 

 

 

 
1 Note that this diagram positions diffusion before adoption along the time axis. This recognises that while diffusion is 
a function of adoption and that they are nearly simultaneous. The gradual accretion of individual adoptions provides 
signals to other potential adopters. Therefore, as technologies diffuse, they precede the next wave of adoptions. 
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Diffusion is typically considered at a high level – a technology spreading through an 
economy. As a result, some nuance is can be lost. The assumption often is that more is 
better. But a myopic focus on “more” may risk exacerbating inequalities or externalities 
that cascade through the system. By considering technology diffusion in the context of 
broader policy priorities and thinking critically about lessons and consequences from the 
past, policymakers can encourage adoption intelligently and more effectively.  

For instance, from a public policy perspective, encouraging diffusion should not be 
aimless. It may be about aiming to make innovations known and accessible to industries 
that have not yet realised the value of a technology that has proliferated across other (this 
has been the goal of digital manufacturing initiatives). Or it may be about reaching types 
of businesses that are lagging because they have not yet adopted proven innovations 
(such as smaller or family-owned businesses). Unpacking adoption decisions might be 
about removing barriers and accelerating diffusion, but it might also be about learning 
how technological change affects behaviours or can adversely affect workers or the 
environment. 

Importantly, influencing diffusion is not only about removing barriers to adoption in target 
populations – facilitating the internal calculus that gets firms to “yes” once they are aware 
of the technology and its benefits to their business. It is also about ensuring that 
businesses have been exposed and have built awareness of the technological options in 
the first place. In this case, a first step in diffusion, particularly of the strategic variety that 
aims to reach target businesses/industries etc. - is about transmitting knowledge and 
experience about the technology. This is not necessarily about ensuring that businesses 
have knowledge about how the technology works but of its value to their enterprise. For 
example, an accounting firm does not have to know how a circuit board functions to 
understand the value of a computer. Therefore, improving technology diffusion – rates 
and reach of adoption – is often less about the qualities of the technology itself but about 
understanding the how to improve the reach and characteristics of knowledge about the 
technology (Nambisian and Wang 2000, Ravichandran 2001, Edmondson et al. 2003). It 
is also affected by how knowledge and experiences can be effectively transmitted and 
translated to encourage target users to perceive the potential of that technology in their 
own contexts. You can’t adopt what you don’t know about, so effective dissemination of 
knowledge and facilitating access are crucial first steps to promoting widespread 
adoption. 

Then, assuming that diffusion is functioning effectively, and target businesses are aware 
of technologies and its potential benefits, improving technology adoption is about 
recognising and removing barriers to technology uptake. 
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2.2 Big questions and key considerations for framework development 
What drives successful technology adoption and diffusion? What can past experiences 
teach us about what to expect in current and future technology transitions?  In compiling 
the adoption and diffusion frameworks, we established some key assumptions and 
guiding questions (Figure 2). 

For technology adoption, we highlight what factors influence organisations’ decisions 
to use, replicate, or adapt innovations. For technology diffusion, we explore how 
information about innovations that have been adopted spread effectively through the 
economy.  

Our first core assumption is that the technologies in question solve a real problem or 
otherwise have beneficial use cases. This allows us to focus on technologies for which 
there are clear benefits to at least some users, even if that benefit is not clear or is being 
debated in other communities. Artificial intelligence is an example of a technology that, 
even though the value of certain manifestations and its broader social costs are 
contested, still presents beneficial use cases to some and in some contexts. Part of the 
purpose of this exercise is to capture in a framework how debates around social, 
community, environmental (etc) benefits and costs shape diffusion narratives and 
adoption decisions and so we consider contested technologies in scope if they have some 
evangelist communities. 

Our focus is on the “chasm” shown in Figure 2 between early adopters and the mass 
adoption (or the “early majority”). We are also predominantly interested in transmission 
and uptake between businesses and organisations rather than individuals in the broader 
public. For example, we are interested in what influences a business’ decision to adopt 
digital technologies to enhance their offering, such as mobile enabled point of sale 
devices, rather than individuals’ decisions to buy a particular smartphone. 
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Figure 2: Key questions and considerations informing the adoption and diffusion frameworks. 

Source: Adapted from DSIT (2023, p13) 

 

Another core assumption is that, for the technologies that we’re interested in, 
governments or innovators themselves are not actively preventing diffusion. Knowledge 
about some technologies, and access to them, is sometimes tightly controlled. We are 
more interested in understanding the diffusion of technologies that can be and are freely 
shared through the marketplace. Even if the details of how the innovation was created or 
functions might be considered a protected trade secret, if there are no externally imposed 
barriers to purchasing the innovation, we consider it in scope.  

Given the purpose of this framework is to inform public support and investment decisions, 
we constructed them with the assumption that the technologies in question are those in 
which there is a public interest in understanding or intervention and that diffusion would 
be taking place in the UK context. 
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2.3 Case selection 
Three technology families were selected in a collaborative brainstorming session with 
UKRI  
Table 1: Technology families with the three selected cases highlighted 

  
 

Because we are interested in the mass adoption of innovations and not as much in the 
earliest examples, the technologies that we describe in the case studies are frontier 
technologies, but span the experimenting, piloting, and scaling phases of development. 
To illustrate this, Figure 3 shows the trajectory of technology development (Yee et al. 
2024) superimposed over the Rogers adoption curve shown in Figure 2. Note that this 
alignment is highly stylized but is meant to convey how adoption typically increases with 
technology maturity. 
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Figure 3: McKinsey technology development trajectory superimposed over the Rogers adoption 
curve to show a stylized alignment between tech maturity and adoption behaviours. 

Source: Adapted from DSIT (2023, p13) and Yee et al. (2024). 

 

While we have tried to keep technology readiness relatively constant, our selected cases 
offer a glimpse into the adoption and diffusion trajectories of very different technologies 
but also variation across time frames and adopters. For instance, innovations in advanced 
materials and manufacturing are predominantly adopted by businesses in the private 
sector while advances in medicine, such as antibiotics, are in the UK typically publicly 
regulated and adopted by healthcare providers (e.g., the NHS). Innovation in power 
sources and transmission in the UK have been adopted by utilities that are privately 
owned but publicly regulated. This mix of contexts provides a spectrum of examples that 
demonstrate both how adoption and diffusion can occur in free markets as well as how 
the public sector has exercised varying degrees of influence to increase diffusion by 
facilitating access and/or to favour the adoption of certain technologies over others. 

Each of the case studies illustrate interesting lessons about adoption and diffusion that 
together help to expand our understanding of what barriers and opportunities exist in 
affected technology trajectories. We developed a draft of the frameworks presented in the 
next section first and used these to explore each of the cases. As the cases themselves 
revealed aspects that were not initially in the framework, we added these in later before 
finalising the matrices.  
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3 Adoption and diffusion frameworks 
These frameworks were created to help UKRI and government departments to sense 
check issues associated with the adoption and diffusion of technologies with a view to 
better inform and improve the design of interventions. They are structured as a set of 
questions organised thematically, as informed by literature and road testing with case 
studies, to guide stakeholders as they seek to understand the diffusions and adoption 
dynamics for technologies of interest – past, present, or future. While we drew heavily on 
existing research to inform the frameworks, the process of applying them in the case 
studies highlighted aspects that were not initially incorporated based on the literature 
review.   

Note that while the frameworks aim for comprehensiveness by presenting a wide range 
of issues that may influence adoption and diffusion, they may not effectively anticipate 
issues that may arise in the future. We expect that the frameworks can accommodate 
revisions to absorb the lessons of changing circumstances (as they have done in 
response to new issues that arose in the review of the case studies). It is also worth noting 
that each technology will present a different set of issues and challenges. Consequently, 
not every cell in the frameworks will be relevant to every technology family or wave. 

The adoption and dissemination frameworks are both designed around a series of 
questions that can be used either directly with target communities or that can help 
structure programmes of research (as we have done with the historical case studies in 
the main report). This report includes both the frameworks but we provide additional 
guidance about how to apply them and interpret results, and how these can be used to 
develop targeted and effective policy interventions in a separate document. 

The most important point is that there is role for policy actors in affecting both the 
dissemination and adoption of innovations and it is likely that targeted interventions can 
help individual firms or classes of firm become more receptive to innovation. However, 
there is no one answer that is appropriate to every firm, industry, or context. Different 
factors will affect businesses, and their innovation adoption decisions, differently.  
Furthermore, as the structure of the adoption framework demonstrates especially, 
adoption decisions are complicated and can be impacted at different stages. That is why 
it is crucial to understand the specific context of the target business, group of businesses, 
or industry and where in the decision-making process to intervene to select the 
appropriate factors for intervention. These frameworks are specifically designed to 
develop that understanding to enable more precise and effective interventions by those 
in the public sector and beyond.
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3.1 Adoption 
Adoption occurs when a business implements or replicates a new technology in their own 
processes. In this framework, we focus primarily on the factors that influence the decision 
to adopt a technology and do not explore in depth the related, but sometimes different, 
conditions that determine whether adoption is successful or not. While the process of 
adoption is often portrayed as a binary choice – to use the technology or not – it is actually 
the product of many different decisions, sometimes made by different individuals within 
the business. For instance, a business – or people within it – may be excited to use the 
technology but not have the resources to implement it at scale. Or a business may be 
excited to adopt the technology and have resources available but may not be able to 
divert them to implementation without disrupting existing product delivery. 

We opted to draw from several major existing models of adoption to build a harmonised 
framework that captures details about what aspect of the business is challenged (or 
enables) decisions to adopt as well as what factors affect those decisions. We also added 
to and adapted the framework in response to the case studies (presented in section 5). 
The result is a matrix that acknowledges that each factor can affect willingness, capability, 
and/or capacity to adopt a given technology. This multidimensional framework provides 
a greater spectrum of tools to diagnose where certain factors create barriers, which 
enables more effective interventions. First, we outline the groups of factors that can 
influence adoption decisions before turning to a discussion of how they affect willingness, 
capability, and capacity to adopt. 

3.1.1 Factors affecting adoption 
We distil the range of different factors affecting adoption decisions into four large 
categories: workforce, management/firm structure, production, and external. While these 
categories are quite broad, they capture all factors discussed in other major models and, 
paired with the additional lens of willingness, capability, and capacity (see the next 
section) enable us to contextualise how similar factors can have different impacts across 
business decision processes. 

Models we drew on to inform this framework configuration include the Technology – 
Organisation – Environment (TOE) model (Tornatzky and Fleischer 1990); Technology 
Acceptance Model (TAM) (Davis, 1989; Davis, Bagozzi, & Warshaw, 1989); the 
ORGANISER behavioural model (Department of Energy and Climate Change 2016); 
Task-Technology Fit Model (TTF) (Goodhue 1995); Rogers’ innovation diffusion model 
(Rogers 2003), and the Innovation Caucus framework for innovation readiness in 
foundation industries (Nelles et al. 2022). The summaries below document, at a high 
level, the content of the major framework categories and links to existing models. The 
details of these are developed further in the rows of the framework (Table 3). 
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Workforce pertains to the perspective, reactions, level of preparedness, and 
acceptance of workers. Often, adoption decisions focus on management or key 
decision makers, but workforce buy in is crucial to the success of technology 
integration. This category draws strongly on the technology acceptance model to 
the extent that it focuses on perceptions that workers have of the technology 
(Dishaw & Strong 1999). However, it moves beyond perceived use and usefulness 
of the technology that underpin acceptance in TAM and many related models. It 
also embraces the idea that workers face costs as new technologies are adopted. 
These may be related to additional training required or the addition of new tasks 
associated with the technology, both of which can fundamentally change their 
functions, roles, and ways of working. Furthermore, workers derive pride and 
fulfilment with the work that they do. Even if what they do appears to outsiders as 
menial, dangerous, or tedious, workers do not always welcome the arrival of 
technologies that render their functions obsolete or fundamentally change their 
roles. Instances of machine breaking and systems sabotage to the present day are 
testament to the importance of workforce perceptions on adoption decisions.  

Management/Firm structure refers to the wide variety of factors that can 
influence management attitudes and structure decision making processes. These 
encompass the aims, norms, and structures elements of the ORGANISER model 
(Department of Energy and Climate Change 2016) but also includes other 
dimensions, such as awareness and knowledge of the technology, perceived 
usefulness, compatibility with existing business strategies, and alignment with the 
personal motivations of business leadership.2 It also considers how the internal 
organisation of a firm, including hierarchies, decision making processes, and 
change management practices (or lack thereof) may constrain or enable 
implementation. Crucial considerations about resources, costs, and risk are a 
fundamental component of this category. 

Production is related to integration and compatibility with existing production 
processes and practices. This category also includes considerations about 
compatibility of the technology relative to existing ways of working, but here refers 
to more technical integration with production processes (Rogers 2003) than 
strategic alignment. Drawing on the task-technology fit model, this category also 
considers the alignment of the technology with the tasks required of it and the 
abilities of the users. It also covers resource constraints related to production 

 
2 This came up in our case study research, where factory owners were more willing to adopt steam 
technology and machinery increase their social standing among industrialists. 
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integration such as the need for additional equipment, retooling, or any 
requirements to switch to different types of inputs. 

External Context relates to customers, markets, and other conditions external to 
the business. This is roughly analogous to the “Environment” component of the 
TOE model and the “External” category of the ORGANISER model. As with both 
of those models, this category includes considerations of customer demand and 
the effects of technology adoption on business reputation as well as the reliability 
of supply chains. It also includes competitive pressures and norms and 
expectations related to customer demand. 

While the factors we have selected are wide ranging and not contained within the 
boundaries of any existing models. However, the wide variety of considerations related 
to technology adoption discussed here, and evident in the rows of the framework, are 
difficult to process conceptually without further structure. To add more coherence, reduce 
the complexity, and enhance the value of the model, we further subdivide these factors 
based on their relationship to different high level decision gates; namely, willingness, 
capability, and capacity. 

3.1.2 Willingness, Capability, and Capacity 
Adoption models often do not explore how different factors can exert variable weights on 
business decisions or how the factors can influence the people involved in the decision 
process in different ways. This framework attempts to address these gaps in two ways – 
first, by acknowledging that workforce and leadership may have different incentive 
structures and secondly, through a stylized deconstruction of the decision-making 
process into three parts (Nelles et al. 2022).  

We argue that first actors must be willing to consider new technologies as part of 
organisational strategy or as a response to a specific problem in the business. Without 
this crucial first step, things like cost or skillsets are moot. Secondly, the business must 
have the capability to implement the technology, which covers a variety of factors from 
resources available to skills profiles. A lack of capability can reduce the attractiveness of 
new technology adoption. Finally, the business must perceive that is has the capacity to 
devote the resources it has to implementation and to weather change to achieve expected 
returns on investment. A business might, all things being equal, have the willingness to 
consider a technology and the capability to implement it but decide that change will take 
too long to bear fruit or that it would be too disruptive to existing ways of working. Higher 
perceived opportunity costs can also derail adoption decisions. 
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Willingness to consider a technology. This encompasses appetite and openness to 
considering a technological solution, which is shaped by attitudes and expectations 
related to potential benefits (and costs) to the business. This includes managerial and 
worker mindsets related to innovation, including perceptions of need for change, 
confidence in engaging with external resources and partners, and overall risk profile. 
Note that this is not willingness to adopt the technology but a willingness to consider a 
technological solution to a problem in the first place.  

Capability to implement change. This refers to the degree to which willing businesses 
are able to adopt innovations with the resources they currently have or are able to access 
(either by acquiring new resources or using external ones). We think of adoption 
capability as resources across categories such as financial resources, technical skills, 
management skills, strategic planning, etc.   

Capacity to devote resources. This is the ease with which willing businesses with the 
requisite capabilities can direct and devote resources to technology adoption at a 
particular moment in time. While businesses may be willing and have internal capabilities 
(and external resources might exist), capacity reflects their ability to dedicate these to 
technology implementation specifically. There may be competing needs that mean 
existing capability is engaged in other aspects of the business (e.g. skills or budget need 
to be used elsewhere). As such, this evaluates how businesses plan for, balance, and 
perceive the opportunity costs of technology adoption. 
 

 

Describing business technology adoption decisions in this tripartite way is admittedly a 
vast simplification of the considerations at play, particularly for very large organisations. 
We acknowledge that while we have set this up as a sequential set of distinctive 
considerations these can be deliberated in parallel and inform one another. Elsewhere, 
we have developed a more detailed systems approach to this question (Verian, 
forthcoming). However, this perspective enables a more nuanced understanding of the 
different points at which decisions to adopt can fail, which can help underpin more 
appropriate interventions. Furthermore, it helps to highlight that an adoption decision does 
not typically proceed or stall because of a single factor but rather is usually influenced by 
a constellation of considerations. Again, the willingness, capability, and capacity lens on 
the framework is useful for diagnosing where, broadly, businesses struggled with (or were 
emboldened towards) adoption before delving into the specific factors that influenced 
those decisions. 
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3.1.3 The adoption framework 
The framework (Table 3) combines the factors discussed above and the willingness, 
capability, and capacity lenses into a matrix. Each cell contains headings that group more 
detailed explanations of considerations, phrased as questions. These questions can be 
used rhetorically by a policy researcher or more actively by investigators working with 
businesses to explore the genesis of their decisions. Similarly, these questions can be 
used as part of foresight exercises to develop expectations of adoption decisions in 
emerging and future technologies. 
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Table 2 – landscape view of adoption framework 
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3.2 Diffusion 
Diffusion is a measure of the extent to which technology has been adopted in an 
economy. This is ultimately a function of hundreds (or millions!) of adoption decisions, 
made by individual businesses and their leaders. In this report, we focus on how to 
improve diffusion processes through influencing how technologies are framed, 
communicated, and demonstrated. While policy makers and funding councils can design 
interventions to influence (or not impede) business decisions to adopt new technologies, 
they can also use various levers to promote adoption of specific technologies or to drive 
diffusion across specific target communities by understanding how to funnel relevant and 
actionable information to intended audiences. Acting on the dissemination of information 
of technologies can enable governments to more purposefully drive diffusion rather than 
simply reacting to it as an emergent phenomenon. By helping businesses learn about 
opportunities, framing the benefits of adoption in terms that make sense for target 
business environments (not just expecting that those benefits will be obvious), and by 
promoting accessible examples of businesses that have successfully implemented the 
technology, stakeholders can help enhance business willingness and bridge the divide 
between adoption and diffusion. This concerns not only the pathways through which and 
who is spreading information about the technology but also the quality of that information, 
which can influence how different communities receive and perceive the innovation.  

3.2.1 Pathways 
The diffusion framework presents three stylised pathways (Figure 3) through which 
information about technologies can travel and poses questions related to the 
characteristics of the message being transmitted through these pathways. 

  

 
Figure 3: Visualising different pathways of dissemination. 
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These three pathways are not mutually exclusive but distinguishing between them offers 
some insights into where interventions might be most effective. The first pathway is 
business to business as one firm attempts to deliberately influence the adoption 
decisions of the other and information and narratives around the technology are 
presented through the lens of that particular relationship. This is typical of a client 
relationship where a producer of a technology aims to sell their products to a potential 
user or partnerships in which technologies are collaboratively developed to specification. 
However, this may also describe relationships in which downstream clients ask or 
demand that their suppliers consider adoption of certain technologies to produce to their 
standards (Vowles et al. 2011). A second pathway through which information about a 
technology can diffuse is through intermediaries such as public research organisations, 
industry associations, government agencies, and the like (Abi Saad et al. 2024, Colovic 
et al. 2024). Transmission of information through intermediaries can take a variety of 
forms, two of which we describe here: bilaterally from intermediary to individual 
businesses or multilaterally through collaborative labs, meetings, or events.  

In both of the first two pathways, the transmission of information about the technology is 
deliberate. The choice of target (a business or business community) is focused, and the 
framing is tailored to specific audiences. Transmission occurs through direct 
communication. Businesses outside of those specific relationships are less likely to be 
able to access that knowledge unless it is made public, and they are searching for it.  

Information transmitted through the third pathway – networks – may be targeted at 
particular communities but is more accessible to those outside of them that are also 
connected to the network. Mechanisms can include interpersonal communication (e.g., 
“did you hear that company X is using technology Y?”), media, social media, and any 
other pathway through which individuals and organisations passively obtain information. 
Note that in this case, information transmission is an emergent, rather than controlled, 
phenomenon. As it spreads through networks, innovators and those promoting 
technology adoption cannot shape narratives or control how information is presented. For 
instance, information transmitted through social networks may be negative or emphasise 
negative aspects of the technology; or it could be positive or neutral.  

For any innovation, it is likely that diffusion occurs to different degrees through all three 
pathways. Which is most influential will vary by technology. For funding councils and their 
stakeholders seeking to shape diffusion and influence adoption, recognising these 
different pathways offers a clearer perspective about where their efforts are most likely to 
bear fruit such as encouraging business to business relationships and shaping narratives 
through intermediaries. Establishing a clear and effective narrative and creating 
opportunities for targets to interact with technologies can, in turn, generate more juice 
through networks (although whether that is positive or negative can be difficult to control).  
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3.2.2 Technology diffusion framework  
The technology diffusion framework lays out four factors that shape perceptions of 
innovations across the three different pathways. The four factors shaping perceptions are 
adapted from Rogers (1962, 2003)3: relative advantage, complexity, trialability, and 
observability. Table 2 provides detail about the meaning of these concepts and questions 
to help guide observers and strategists/policymakers in understanding how these can be 
used to drive more effective diffusion. We interpret Roger’s (2003) communication 
channels as the three pathways discussed above - B2B, intermediaries, and network – in 
which the first two are definitionally direct communication while communication through 
networks can be indirect (e.g., media) or direct (e.g., interpersonal). The role of opinion 
leaders, change agents, and peers is incorporated within the questions in the framework 
as these can exert influence across any of the pathways. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
3 Note that Rogers’ framework also includes “compatibility”, which describes the degree to which an innovation is 
compatible with a firms’ existing structure, business models, and/or practices. We include this as part of the adoption 
decision cycle because this judgement will be unique to each business where all other factors in the model can be more 
effectively generalised to a community, industry, or economy. 



 

 Innovation and Research Caucus | 28 

 

LESSONS FROM THE HISTORY OF TECHNOLOGY DIFFUSION AND ADOPTION 

Table 3 - landscape view of the diffusion framework 
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4 Adoption and diffusion patterns in three technology 
families 

The case study portion of this project aims to add some context to the framework to help 
imagine different scenarios in which these factors exercised influence on adoption decisions 
and diffusion processes. The cases also enabled us to test and refine our framework.  

Learning from the past... 

In each of these cases, the technologies were transformative in their eras, representing major 
and disruptive step changes that shaped and reshaped entire industries. Steam power 
combined with a boom in machinery innovation reorganised industry around the factory 
system. Gas lighting, in turn, expanded productivity by increasing working hours and 
improving living conditions. The advent of antibiotics also increased productivity by 
dramatically improving lifespans, reducing sick times, and transforming medical practice and 
pharmaceutical manufacturing. 

Diffusion patterns and timelines differed substantially across technology families where the 
nearly hundred years that it took from the construction of the first steam powered factory to 
the total domination of that model of industrial production stands in stark contrast to the 
decade that it took for antibiotics to become widely available. This is partly a function of the 
different time periods and contexts in which these technologies developed as well as the 
different market structures of the industries in question. Steam factories diffused more slowly 
predominantly through market mechanisms; whereas for gas lighting and antibiotics, public 
investment in infrastructure development and governance meant that they were not 
spreading exclusively through private markets. In these latter examples, intermediaries 
played an important role in deployment strategies and were critical in shaping narratives  

For all of these technologies, adopters were highly willing to implement these advances. This 
is not to say that there was no opposition to adoption, but that where objections emerged, 
they were poorly organised and weak relative to decisions makers of the period. For instance, 
while the labour movements of the 19th and 20th centuries were successful at securing a 
greater voice for workers in business and government decisions, they were relatively nascent 
at the time of steam mills and gas lighting.  

Consequently, constraints to adoption were most likely to emerge in the realm of capability– 
particularly cost, resources, and expertise to implement the technology – and capacity where 
holdouts had differing views of the opportunity costs of adoption. On the capability side, costs 
(predominantly capital costs) undoubtedly played a role, but were overshadowed in the 
historical record by things such as access, reliable supply, and availability of appropriate 
skills. For instance, lack of local infrastructure was one of the biggest barriers to widespread 
adoption of gas lighting. Constraints in skilled labour supply caused delays in wider adoption 
across all the cases in one way or another. Difficulties in producing antibiotics at scale held 
back wider use of the drug. The fact that infrastructure and public support have been vital to 
the advancement of many technology families over time suggests that it is highly likely that 
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this is still true today and that contemporary public policy will play a vital role in the progress 
of future industries. It also highlights how important it is to look to the past to develop an 
understanding of how bold policies have shaped previous generations of technological 
evolution, to gather inspiration to design interventions to achieve similar goals today, and to 
justify public action. These are some of the key aims of this report and the examples 
contained within it. 

In many of these cases, public investment and regulatory decisions helped to accelerate 
technologies to more widespread adoption. In the case of gas lighting, governments paid to 
have networks installed for street lighting, which was then available for commercial and 
private use. This investment in public infrastructure helped to defray high capital costs of gas 
networks, which reduced the price of individual connections and made the technology more 
accessible to businesses. The race to produce antibiotics at scale required significant public 
investment and laid the foundations for the modern pharmaceutical industry. In both cases, 
private innovation, industrial expansion, and wider adoption was possible by investment in 
public goods.  

Finally, it is important to remember that adoption stories are varied, complex, and, in many 
ways, serendipitous to the extent that they often rely on the development of ancillary 
innovations to be viable. Steam powered factories took a long time to proliferate in part 
because of the slower development of machinery to take advantage of the new 
power/production model. Gas lighting was only possible because of advances in distillation 
systems and pressure tanks. These developments were not recognised or highly coordinated 
at the time but in hindsight were nonetheless crucial to evolution along technological 
trajectories. While we may not be able to recognise a “perfect storm” of fortuitous 
technological evolution in the moment, this insight is useful in that it leads us to ask what 
complementary technological impediments might be holding back the development of a 
target technology and explore whether interventions might be needed to unblock latent 
potential. 

Examining the present... 

The present case studies offer a contemporary glimpse into adoption and diffusion patterns. 
Viewing these technologies in the midst of their diffusion journeys makes it difficult to evaluate 
with certainty whether these will ultimately be success stories or whether, looking back, we 
will consider their rollouts slow or challenged. This is also complicated variations in 
technology maturities. Industrial robotics and solar panels can be considered relatively 
mature technologies that have become more frequently adopted as efficiency has increased, 
costs have fallen, and improvements have increased the variety of offerings available. mRNA 
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vaccines, by contrast, are still relatively new, though arguably have enjoyed the most 
widespread adoption.4 

Certainly, from this vantage it is easier to observe and understand constraints to widespread 
adoption and diffusion of these technologies. Our research for these cases relied on 
interviews with experts as well as secondary sources. Consequently, it was much easier to 
assess willingness than in the past case studies where the reasoning of firm leadership was 
often lost to time.  

Willingness varied significantly across technologies and different types of target adopters. 
For instance, for mRNA vaccines, adopters were predominantly health systems and the 
clinicians within them. External factors, such as the pandemic, increased the overall 
willingness of these actors to consider novel drugs. Strong public demand coupled with 
accelerated regulatory approvals and public health campaigns to drive acceptance also 
strengthened the willingness of adopters. Note that government here has played a strong 
enabling role in contrast to its more constraining role in the solar panel industry. Willingness 
to consider solar panel adoption, by contrast, has increased over time as adopters have 
become more aware, and convinced of, potential benefits of solar installations. Adopters in 
this space include organisations5 developing solar farms to sell energy into the grid as well 
as business and individuals installing solar panels on their premises to lower their energy 
costs. Willingness has particularly expanded as the size and efficiency of panels has 
increased the potential benefits and lowered costs of adoption. The UK has seen a boom in 
recent solar projects and installations, indicating a broader acceptance of the technology. 
Most of the constraints in this industry are related to capability than willingness although as 
we detail below, current capability challenges may have a significant effect on willingness to 
consider solar for commercial clean energy generation. The UK ranks less well internationally 
on industrial robotics adoption. Here, willingness is tempered by a perception (and perhaps, 
in many cases, reality) that robotics are not suitable to existing production processes and 
market structures as well as some behavioural reluctance in certain market segments. This 
explains vastly different patterns of technology uptake across different industries, where 
automotive and logistics have high levels of adoption in contrast to other manufacturing 
industries.   

Adoption of some of these technologies has also been slowed by capability constraints. Cost 
is a perennial, though not only, constraint on capability. In solar and industrial robotics, for 
example, high costs have played an important role in dampening adoption rates. While costs 
continue to fall and efficiency increases cost remain prohibitive for some adopters in both 
industries. Technology implementation for both has also been constrained by skills 
availability as robotics requires significant upskilling while solar installers are struggling to 

 
4 This is measured predominantly through the widespread deployment of the COVID vaccine. However, it is 
worth considering whether mRNA vaccines will be as widely accepted in less acute and widespread health 
crises.  
5 These can be private corporations, public-private partnerships, or community groups. 
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keep up with demand. In solar, a massive backlog of grid connections has left viable projects 
stranded with some estimates citing a 10-year delay to integrating new sites into the energy 
system. These backlogs send a powerful signal to investors to hold off adoption of solar 
technologies in energy projects. Capabilities do not appear to have been a significant 
constraint on mRNA vaccine rollouts to date. 

Capacity is related to the ease with which resources can be dedicated to technology 
implementation, which particularly affects the adoption of industrial robotics. Integrating these 
systems requires downtime to production lines and diversion of staffing that creates 
opportunity costs for companies thinking about adopting this technology. Demand and 
production cycles create uncertainty about timing of return on investment. The flexibility and 
lower costs associated with alternatives to robotics – such as flexible labour – also generate 
reluctance to change course.  

The present cases share some consistencies with the past but demonstrate that yesterday’s 
adoption barriers are not the same as today’s - even within the same technology families. 
This is important to keep in mind when drawing lessons from the past and present to inform 
our understanding of the challenges that might emerge in emerging technologies. 

Looking to the future... 

While we can learn from the past and explore whether similar adoption challenges have 
emerged in the present across technology families, it is also useful to apply what we have 
learned to understand what challenges might lie ahead for future generations. This provides 
an opportunity to use the frameworks to illuminate potential constraints to adoption that might 
not otherwise be obvious from within these evolving industries. For each of the cases, we ran 
through the frameworks and drew on lessons from the past from all technology families to 
inform what we thought might occur in the future. It is important to note that we explored all 
aspects of the framework, not just the ones that have proved relevant in previous generations, 
to more thoroughly explore potential constraints. This is particularly important given that even 
though there are some continuities across technology families, there have also been 
considerable differences in the challenges that have constrained adoption across time 
periods. We also used the frameworks to guide discussions with members of industry, 
prompting them to speculate on what was yet to come and probing them about how past 
experiences might inform the future. This process was valuable in ensuring that the 
frameworks had no glaring gaps, at least as seen from the vantage of the present, and 
challenged the participants to consider pathways of technological evolution they might not 
otherwise have. While we do not claim these frameworks enable perfect predictive power, 
we discovered that they were valuable in facilitating these speculative conversations and that 
examples of past and present challenges across all technology families made it easier to 
imagine how the future might play out. 

Like in the past and present cases, the future technologies are at different stages of 
technological development, which makes future adoption challenges and diffusion patterns 
difficult to predict. While genetic (CRISPR) medical interventions are still in their infancy, one 
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has already reached market and been adopted. Cobots, the next generation of industrial 
robotics, are even more advanced, with different prototypes and applications rapidly evolving 
and market proliferation already underway, if tentatively. Nuclear fusion has been under 
development for a long time and is relatively technologically advanced, has not yet evolved 
to the point where market applications are possible, even in the medium term. However, 
drawing some lessons from the past and present, and relying on the framework, we can look 
forward to document and anticipate potential opportunities and constraints to adoption. Here 
the framework is important as it helps to consider potential blind spots. 

Genetic solutions to medical conditions are the cutting edge of healthcare interventions. 
However, the intervention that does exist is currently incredibly expensive. Even though 
willingness to use experimental treatments is relatively high, adoption is, limited and only 
possible through government negotiated preferential pricing to the NHS. Costs are much 
higher per patient than other forms of intervention because treatments are individualised and 
require precision to administer. For the foreseeable future, many emerging CRISPR derived 
treatments will challenge the means of government health systems and are likely to only be 
available in selected locations that concentrate access and expertise. While willingness to 
consider genetic treatments is currently relatively high, this is partly because it is dramatically 
more effective in treating sickle cell disease, a painful and debilitating blood disorder and 
because of its cost it is available only to people with extreme cases. However, ethical 
concerns regarding the use of genetic modification may constrain adoption of this and other 
genetic therapies. As in previous generations of drug and treatment evolution studied here – 
antibiotics and mRNA vaccines – the UK government is likely to play a decisive role in 
shaping the adoption trajectory on both the supply and demand side. On the supply side, 
supporting researchers to enable the development of more gene therapies as well as the 
technologies that enable them will be crucial to reducing costs and scaling up access. During 
the pandemic, we saw how important government support was in both accelerating vaccine 
development, managing approvals, and enabling production. In the interim, the NHS will likely 
negotiate directly with providers to drive down costs. On the dissemination side, the 
government and its intermediaries can play an important role in spreading information and 
making sure potential providers have access to appropriate resources. Public and industry 
focused education about the benefits of genetic treatments will reduce resistance, drive 
demand, and increase uptake. 

Cobots, a type of industrial robot designed to operate in close proximity with human workers, 
pose a different set of challenges. UK companies have not generally adopted industrial 
robotics at the same rates as international competitors. In the present, this is partly a function 
of the nature of manufacturing and market cycles. However, the greater customisability 
expected of the new wave of cobots suggests that the emerging generation of industrial 
robots may be better suited to the bespoke, smaller volume production environments of 
manufacturers that have so far been reluctant to adopt robotics. This potential advantage, 
however, may not detract sufficiently from some of the constraints that are likely to carry over, 
such as the benefits of relying on more flexible and relatively inexpensive labour, behavioural 
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considerations about alignment of robotics with existing ways of working or business values, 
or workforce resistance. Or allay new concerns around ethics or privacy of these highly 
connected devices or related to worker safety, fulfilment, or productivity. Stakeholders 
seeking to shape the diffusion of cobots can use the framework to ensure that businesses 
and intermediaries are communicating effectively with potential adopters and develop a 
clearer sense of which factors are impinging most on adoption decisions. 

Nuclear fusion is still a long way from being a reality. The most immediate barriers to 
commercialisation relate to technical and economic feasibility. Supply chain issues related to 
sourcing specialised materials are also likely to raise costs. However, expectations are that 
these challenges will diminish over time, while other obstacles may rise to take their places. 
Once nuclear projects become more realistic, public perception may exert more of an 
influence on whether and where facilities can be developed. These perceptions, and their 
effects on adoption decisions, may be tempered by geopolitical and social changes that might 
increase the attractiveness of clean and locally generated energy. The solar case study 
showed that backlogs in connecting new energy projects to the grid can slow energy project 
development and can therefore act as a brake on new energy technology adoption.  

The challenges the future holds are far from certain but reflecting on them with the benefit of 
the framework and knowledge of past and present experiences helps to illuminate likely pinch 
points. One consistent point across all of the cases is that there appears to be a strong role 
for public intervention. Whether that is through leadership within the NHS negotiating terms 
that make mRNA treatments more accessible, shaping regulatory environments (for 
example) to mitigate privacy concerns associated with networked cobotics, in providing 
funding for and education to reduce public anxiety about nuclear fusion, or in ensuring that 
complementary technologies and practices are supported to evolve in parallel, the 
Government may play a decisive part in accelerating future technology adoption. 

 

Charting a path 

There is no such thing as a crystal ball, but combining insights from case studies with the 
adoption and diffusion frameworks can help those interested in accelerating diffusion 
understand what questions to ask to understand existing and unfolding adoption patterns. In 
what follows, we detail the adoption and diffusions trajectories of three different technology 
families, applying the framework in practice. The summary above, and the more detailed case 
studies below, make it clear that while the categories of questions set out in the frameworks 
apply across technology families and across time, how they play out in each context is very 
different. Looking at technologies over time demonstrates how the conditions and 
considerations of previous generations do not always carry over to subsequent generations. 
Consequently, making assumptions about technology adoption based on past experience 
alone can lead to significant blind spots in emerging technologies. In presenting a framework 
that formulated around high-level questions, the adoption and diffusion tools we provide here 
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provides guidance to help uncover and diagnose factors that might affect the ongoing and 
future diffusion of technologies and to offer solutions to improve adoption outcomes. 

4.1 Advanced materials & manufacturing  
4.1.1 Steam powered mills, factories, and early production lines 

The earliest known factory in the UK, the Lombe silk mill, was founded in Derby in 1721 
(Calladine 1993). The factory model brought together several innovations – technological, 
architectural, organisational, and beyond – that came to characterise the “factory system” 
that we continue to recognise today. These include the combination of a large workforce 
engaged in coordinated production using externally powered equipment. While we now see 
this model of production as standard, at the time this degree of centralisation of labour and 
resources combined with machinery capable of producing at unprecedented scales 
represented the “beginning of a new world” (Freeman 2018, 2). 

Despite ushering in this “new world” of industrial production, the factory model initially spread 
quite gradually (Floud et al. 2014, Musson 1976) reflecting the power of management and 
leadership interests in adoption considerations. Different models of production, including craft 
and protoindustrial, driven by different power sources (animal, water, and steam) co-existed 
until the mid-19th century with considerable evolution in the machinery available occurring 
during this period. In part, this was due to weaker diffusion processes. The relatively small 
number of factories made observability and trialability quite low. Also, it took time for people 
to recognise that technology relevant to the textile industry could be applicable in others. 

Factory inspection records from the 19th century confirm that the textile industry – particularly 
cotton – were early adopters of steam-powered factories and that as late as 1870 over half 
of total manufacturing steam power (excluding coal mining) was operating in this sector 
(Musson 1976, Bottomly 2024). While a diverse set of industries began using steam power, 
the next boom in steam-powered factories occurred in large scale smelting and metalworking 
as the parallel development of the steam locomotive and rise of railway development fuelled 
demand for iron, and then steel, building materials. Referring back to the framework, this 
demonstrates the power of external context – in this case demand for processed steel – in 
driving increased adoption of steam and other forms of industrialisation. 

The fact that the transition to the steam-powered factory model took place over more than a 
century and proceeded at different paces for different industries documented with varying 
degrees of detail complicates an analysis of adoption patterns. However, at a high-level there 
were few significant non-financial barriers to willingness, capability, and capacity. The 
framework emphasises that technology’s ability to provide compelling solutions to real 
problems is one of the foundations of adoption. Steam power solved an important production 
problem by providing a solution to scaling industrial activity. The clear advantages to 
production speed and scale coupled with rising demand for industrial products (particularly 
textiles, metal, chemicals, and machine manufacture) created powerful economic incentives 
for those with the resources to invest in industrialisation. Widespread adoption of the factory 
model required associated innovation in the development of machinery for different industries 
and increased costs for early entrants. As a result, it relied on external factors to ensure 
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effectively translate the value of steam power. These were not limited to technological 
innovations. Private experiments with consortia and corporate structure resulted from the 
high capital costs associated with building and equipping factories and drove innovation in 
business models. This development, in turn, changed the decision-making dynamics within 
businesses, making adoption decisions the collective remit of management and boards of 
directors rather than individual owners. Beyond the potential for profit, factory ownership and 
investment created a new class of wealthy industrialists and a social inducement for 
presumptive investors to shoulder the costs and risks associated with factory development 
(Freeman 2018).  

While industrialisation and the broader adoption of the factory model certainly met resistance 
in the workforce these efforts were not enough to significantly derail or delay adoption in the 
face of sufficient corporate willingness. Our framework developed several elements of the 
workforce category in response to the “machine breaking” reactions of labourers of this 
period. In most cases, the introduction of steam machinery was a major departure from 
previous production processes. However, this misalignment was the point - perceived as an 
advantage rather than a constraint to adoption. Industrialisation also transformed ways of 
working – eliminating certain types of skilled labour and substantially changing the cadence 
of working life – which, in some cases, led to labour unrest such as strikes and machine 
breaking. However damaging these incidents were in the short term, they did not substantially 
discourage factory managers from adopting innovations. While modern resistance to 
automation among workers rarely adopts the more violent forms of protest that were 
employed in this period (e.g., riots, damaging or sabotaging machinery) it is important to 
consider workforce sentiment in understanding adoption decisions. 

Lack of capability in adopting the factory model was more of a challenge. While the transition 
to mechanisation decreased demand for highly skilled workers, factories required more 
expertise in building, installing, operating, and maintaining equipment. Management 
practices also evolved requiring skills adapted to supervising systematised production. 
Inadequate access to coal to fuel steam machinery, or infrastructure to effectively centralise 
resources and move finished products could also function as a constraint. Given that many 
of the businesses that adopted the steam factory model were formed to take advantage of 
the new technology, capacity constraints associated with existing production were rare.1  

The factory system ushered in a new era of industrial organisation that has shaped the 
modern world and its economy. In an era with weak labour protections, constraints to 
adoption were predominantly related to costs, availability of appropriate machinery, and 
access to resources rather than social, behavioural, or cultural factors. 

4.1.2 Industrial Automation & Robotics 
A robot is a versatile, programmable machine capable of performing different tasks by 
manipulating materials, parts, tools, or specialized equipment through pre-defined motions. 
Robots are widely used to replace or assist human physical labour in numerous industries, 
spanning from the primary sector and manufacturing to transport and logistics.  



 

Innovation & Research Caucus| 38 

 

LESSONS FROM THE HISTORY OF TECHNOLOGY DIFFUSION AND ADOPTION 

Industrial robots were first introduced in the 1950s and became more common by the 1980s 
when robotics shifted from heavy lifting to tasks like materials handling and precision work. 
By the late 1970s, robots were capable of more complex functions, such as material transfer, 
painting, and arc welding (Misiti 2020). Since the early 2000s, advancements in software 
have been the primary driver of progress in industrial robotics. Emerging technologies like 
machine learning (ML) and artificial intelligence (AI) are now expanding robotic capabilities, 
enabling them to learn, adapt, and make independent decisions without human guidance.  

Evidence shows that the UK manufacturing sector significantly lags competitors in industrial 
robotic systems adoption rates, with one of the lowest robot densities among major 
industrialized countries. Recent data shows the UK has approximately 98 robots per 10,000 
workers — significantly below the global average of 126 units (Industrial Compliance 2024). 
According to The Economist (2024), some UK industries have effectively adopted robotics, 
such as the automotive sector, which boasts 734 robots per 10,000 employees. Jaguar Land 
Rover’s Solihull plant alone employs over 615 advanced robots (The Economist 2024). 
Automation is also widely implemented in logistics. Yet other industries lag considerably 
behind. MakeUK (2023) reports that most UK manufacturing firms invest less than 6% of their 
revenue in automation technologies.  

The questions in the adoption framework offers some explanation. For instance, exploring 
the production category led us to understand that robotics technology is not perceived to align 
effectively with production processes and that these perceptions can differ across the 
segments of the industry. Most industrial robotics are well suited to large scale manufacturing 
environments characterised by high volume and low variability in items produced or tasks 
performed. This is why the automotive and logistics industries have traditionally had relatively 
high adoption rates. But much of UK industry is the opposite and characterised by more 
bespoke production runs or tasks and lower volumes. For businesses that fall into this 
category, robotics on offer may not be flexible enough to integrate into production or, if they 
are, may not be cost effective to constantly retool/repurpose. Rather than beginning with the 
assumption that industrial robots are right for every business in a given industry, diffusion 
efforts may need to start with a clearer understanding of opportunities and needs and how 
the current market may be failing to meet them (at a competitive cost).   

However, in many instances, business leaders are aware of potential benefits of incorporating 
robotics into their production processes but struggle with other dimensions of willingness, 
capability, and capacity. In terms of willingness, observers in the industry continue to cite a 
focus on short-term payback rather than longer-term total cost of equipment ownership and 
maintenance. Robots are expensive, even if their prices have come down on average over 
the past decade, and so economic arguments for implementation need to be compelling. For 
many businesses, amortization times need to be relatively short but estimating these is 
complicated by the difficult to predict and cyclical nature of demand for their (limited volume, 
highly variable) product. For many, the risks associated with committing to an investment with 
highly uncertain payback timescales is too much to overcome. This is particularly acute as 
small average firm sized mean that businesses are less able to shoulder the high fixed costs 
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of robots (The Economist 2024). The availability of an inexpensive alternative – cheap labour 
– also creates negative incentives to automation (Industrial Compliance 2024). For 
businesses with these highly variable demand profiles, relying on comparatively inexpensive 
labour enables them to increase or decrease employment in response to shifting demand 
much more quickly and cost effectively than idling expensive machinery.   

Other behavioural issues related to management and firm structure also affect willingness. 
Family-owned businesses in UK manufacturing and foundation industries often profess to 
operate by traditional values of high quality, bespoke, craftsmanship or rely on processes 
that have historically not changed much. Often these businesses espouse family values, feel 
responsible for their employees, and will work to protect their livelihoods rather than replacing 
them with machinery. If things have always “just worked” the way they have always been 
done, business leaders may fear and avoid change. The idea of introducing automation into 
these contexts can be met with reluctance regardless of cost or risk.   

These issues are largely understood by the people running programmes to increase 
technology adoption in manufacturing and beyond. Those in charge of delivering the Made 
Smart UK initiative offering digital manufacturing advice acknowledge that the behavioural 
barriers are among the most difficult to overcome. This is borne out by data that shows that 
firms have failed to take advantage of incentive schemes in large numbers (The Economist 
2024).   

Capability issues also hamper adoption due to workforce, management, production, and 
market considerations. MakeUK (2023) notes that firms often lack the time and expertise 
needed to integrate or update robotics systems, as well as access to finance and skills that 
would permit smooth and timely adoption. Many industries are facing skills shortages for roles 
that could operate and maintain robots. While lack of willingness of workers to adopt robotics 
was not cited in our interviews as a specific impediment to adoption, one interviewee 
mentioned that it was not uncommon for workers to sabotage robots (and that the disruptions 
are often calibrated to look like normal malfunctions that can be difficult to detect) if they were 
not consulted in the transition.   

While workforce flexibility and cyclical demand might offer opportunities for training/retraining 
production line workers to use robots, lack of workforce capacity was also raised as an 
impediment to adoption. Tight margins mean that production systems cannot always 
accommodate the downtime required to integrate robotics. And while there may be resources 
available to support adoption, one commentator suggested that they were difficult to get and 
were often not accessible in feasible timeframes.  

Despite the difficulties in encouraging more widespread adoption, data suggests that 
increasing adoption rates would pay significant dividends. The annual global economic 
impact of advanced robotics is estimated to be between $1.7 to $4.5 trillion per annum by 
2025 (McKinsey 2013). According to more recent estimates, boosting robot installations 30% 
above the baseline could add an extra $4.9 trillion per year to the global economy by 2030 
(Oxford Economics 2019). While estimates of future impacts are naturally surrounded by 
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significant uncertainty, these figures highlight the magnitude of the potential robotics 
opportunity (BEIS 2021). A study by Copenhagen Business School has estimated that Japan-
like levels of automation would boost Britain’s productivity by over a fifth (Kroman and 
Sorenson 2019). 

4.1.3 Cobots & Industry 5.0 
The diffusion of gas lighting revolutionised the manufacturing industry by permitting, for the 
first time, around the clock production. Along with the first wave of mechanisation, this 
development transformed the industry reshaping social behaviours and labour relationships 
in the process. The introduction of industrial robotics was the beginning of a new 
manufacturing revolution, spurring dreams of fully automated production lines capable of 
operating at higher speeds and efficiencies that minimised the need for human labour.   

This automation underpinned the evolution of Industry 4.0 and focused on implementing, 
combining and integrating several technologies, such as AI, the Internet of Things (IoT), cloud 
computing, cyber physical systems (CPSs), and cognitive computing to drive “smart” 
manufacturing. The core challenge in this phase of evolution has been effectively linking 
machines and devices that can control each other throughout the life cycle in order to improve 
productivity and minimise human intervention in production processes (Maddikunta et al. 
2022). While these challenges remain, a transition to Industry 5.0 is now on the horizon. This 
paradigm, coined by the European Commission in 2021, shifts focus from improving 
efficiencies in mass production towards increased customisation and consumer 
personalisation and recognises the importance of human ingenuity and creativity in enabling 
dynamic production processes. Where Industry 4.0 aimed to remove the human element from 
manufacturing, the evolving digital and automation technologies that underpinned the 
previous industrial revolution are now seen as tools to empower human workers rather than 
replace them (Rahman et al. 2024). This transition has modified approaches to industrial 
robotics design and applications and catalysed the emergence of cobots.   

Collaborative robots (“cobots”) are a relatively new type of robot designed to operate safely 
in proximity or in direct contact with humans. They use advanced technology, including force-
limited joints and computer vision to detect the presence of humans in their environment. 
Cobots are often much smaller and lighter than traditional industrial robots, easily moveable, 
and trainable to perform specific tasks (Misiti 2020). Unlike traditional industrial robots that 
are often physically separated from other production for safety reasons, cobots are 
specifically conceived to share workspace with human workers, facilitating cooperation and 
teamwork between humans and machines and, eventually, learning from human behaviours 
(Weiss et al. 2021). The primary goal of cobotics is to augment human capabilities, enhance 
productivity, improve efficiency, and ensure a safer, more creative, and more flexible work 
environment.  

As the age of cobotics dawns, the adoption framework offers some clues to the barriers that 
might affect decisions to explore adopting and implementing these technologies. In many 
respects, cobots share similarities with previous generations of industrial automation and 
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adoption trajectories are likely to be similar. Like industrial robots, they are designed to take 
on repetitive, dangerous, and monotonous tasks that require dexterity and accuracy. Existing 
and prototype cobots have been designed for sorting and inspection tasks; packaging and 
palletisation; precision welding, cutting, and fastening activities. The aspiration is that cobots 
will be increasingly reprogrammable and flexible – capable of rapidly adapting to new tasks.   

Depending on degree of flexibility, this feature may mitigate one of the largest challenges 
identified to industrial robotics adoption related to alignment with production processes. That 
is, that previous generations of robotics have been insufficiently adaptable to bespoke and 
lower volume production models. Adoption of these technologies is likely to be more 
widespread as the potential for cobot flexibility increases. However, it is important to 
recognise that advances in flexibility may not be enough to mitigate barriers to adoption 
willingness such as the significant cost considerations (capital costs are likely to, at least 
initially, be high) or sufficiently offset risk in the context of cyclical production demand that 
characterises many UK manufacturing industries. Large industries with high volume and 
standardised production models were the earliest and most successful adopters of industrial 
robotics in the UK, but cobots may challenge this pattern. Interviewees we consulted noted 
that because they are designed to work with humans, cobots typically operate at slower 
speeds and lower capacities than other industrial robots, making them less suitable for higher 
volume production environments. Interestingly, research suggests that this design feature 
makes them more suited to the higher variability, lower volume production (European 
Parliamentary Research Service 2023) that characterises the UK manufacturing landscape 
leading to the possibility that cobots could enable businesses in this category to leapfrog 
larger more standardised industries in adoption. While this may be likely in the longer term, 
current studies suggest that larger industries have been more active in adopting these 
technologies (Weiss et al. 2021).6 

Historically, the consideration of worker rights and wellbeing has been portrayed as 
secondary to profit maximisation in manufacturing industries. While the case of industrial 
automation and reported reluctance to adopt technologies that might make workers 
redundant (especially in smaller family firms) challenges this perception, the advent of 
Industry 5.0 may usher in broader changes. The emphasis of the importance of humans in 
production by leveraging their creativity, problem-solving abilities, and decision-making skills 
re-centres workers, their capabilities, and their wellbeing as well as themes of sustainability 
and industrial resilience (Narkhede et al. 2023). This recentring and revaluing of their creative 
(etc) skills may increase the willingness of workers to accept and integrate cobot technologies 
relative to earlier waves of industrial robotics. Recent research exploring technology 
acceptance suggests that there are quite a lot of nuances in this position. The nature of the 
cobot, its capabilities and how well it complements, rather than replaces, human agency is 
likely to be determinative of worker attitudes towards adoption and their use of cobot 

 
6 Note that this could be because it is easier to profile larger firms (such a Coca Cola, Boeing, and Amazon) 
because they publicise their innovations more. 



 

Innovation & Research Caucus| 42 

 

LESSONS FROM THE HISTORY OF TECHNOLOGY DIFFUSION AND ADOPTION 

technology (Liao et al. 2023). Similarly, worker skill level and availability of training will also 
shape attitudes towards the technology and determine if business have the appropriate 
capabilities to implement cobots into their production systems.  

These concerns about functional relationships between worker and robot may also be 
compounded by ethical and legal considerations related to liability, data privacy, and ethical 
AI usage (Rahman 2024) - external factors that can significantly influence firm decision 
making. These concerns are likely to affect both willingness and capability to adopt. Industrial 
regulatory structures have not (yet) produced clear guidance on these matters, and this 
challenge is likely to compound as different types of cobots, with different data and AI use 
profiles, become available.   

The link between Industry 5.0 and sustainability may represent an opportunity and reduce 
barriers to adoption through changing external and market conditions. Social responsibility 
expectations and customer demand for sustainably produced goods may drive cobot 
adoption on reputational grounds. For this to be a reality, much will hinge on cobots’ ability to 
deliver sustainability gains. But, to the extent that they materialise, this messaging may be 
useful to stakeholders seeking to increase diffusion.  

In addition to skills, ethical, and legal concerns, complications around cobot integration may 
challenge the capabilities of business to adopt this technology. Working in close proximity 
with humans may require additional infrastructure and technology adoption, such as 
wearables, IoT connectivity, sensor networks, and other smart technologies. These are 
external resources, cost and access to which can affect capability considerations. Similarly, 
cobots are likely to change ways of working in significant ways, requiring the implementation 
of new processes and procedures as well as considerations of workforce buy in. Each 
additional technological and behavioural change requirement strains business 
implementation capabilities and reduces the likelihood of adoption.  

As with industrial robotics, capacity constraints to adoption are likely to be linked to 
opportunity costs associated with cost and flexibility advantages of relying on human workers 
for many manufacturing business models, with availability and potential alternative uses of 
resources (including management time), and with risks associated with disruptions to 
production lines. 

4.2 Energy & Environmental 
4.2.1 Gas lighting 

Early gas lighting technologies consisted of the equipment needed to generate gas (in the 
UK this was typically from coal by a process of heat distillation that produced coke and gas), 
the pipes and storage tanks (and eventually meters) needed to distribute the gas to lighting, 
and the lighting fixtures themselves. While much of this technology existed (for example 
airtight pipes and storage for steam), it was not used for lighting until the late 18th and early 
19th century. Prior to this tallow and oil lamps were the primary source of light, however, they 
were expensive, highly polluting and required high levels of labour intervention to keep safe 
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(Falkus 1982). In many ways, the innovation of this period was putting together existing 
technologies that made gas lighting widespread.  

The light fixtures that enabled gas lighting had been proposed across Europe since 1775; 
however, the technological capabilities only developed into an industry in 1795 (Tomory 
2011). Technologies such as Alessandro Volta’s ‘inflammable air lighter’ (1776) and Jan-
Pieter Minckeler’s gas lighting in his lecture hall (1784) demonstrated the feasibility of gas for 
lighting however Tomory (2011) suggests these were produced as curiosities rather than for 
commercial applications. While historians argue that a need for security and social order, or 
a desire for increased working hours might have created the impetus for gas light technology 
commercialisation, its proliferation was also driven by access to the natural resources 
available in the UK (coal in particular) and technological developments in other industries, 
namely distillation (Tomory 2011).  

Initial efforts in gas lighting focused on installing supply (coal gas distillation systems) onsite 
where the lighting was required. It was this style of gas lighting system that Boulton & Watt – 
the steam engine manufacturing company - played a key role in developing and installing 
(Falkus 1982; Tomory 2011). The early customers of gas lighting were factories which had 
an existing relationship with Boulton & Watt and showed a strong willingness to adopt the 
technology. In this period, adoption decisions, and subsequent technology diffusion, were 
shaped by the productivity potential of the technology (relative advantage) and demonstration 
effects (observability) from trusted sources even though costs were relatively high.  Despite 
early success, Boulton & Watt’s interest in producing these onsite systems of gas lighting 
waned (Falkus 1982).  

Boulton & Watt wound down operations around 1810 prior to the creation of the chartered 
London Gas and Coke company in 1812 which, rather than focusing on decentralised supply 
of gas, looked to create a centralised system of supply and pipe gas throughout the city – 
modelled on the water companies (Matthews 1985). This development significantly changed 
incentive structures and paved the way for wider spread adoption. The success of the London 
Gas and Coke model created a boom in the market for gas and therefore an uptick in 
incorporation of gas companies; many were set up over the period 1812 to 1860. The boom 
in supply activity was not limited to London and large metropolises. By 1826, even relatively 
small towns (those with populations of 10,000) had gas provision, predominantly for lighting 
(Falkus 1967). Adoption of gas into a new city or town typically started with a contract to 
provide to the municipality with street lighting (Falkus 1967). Installation of gas works in 
smaller areas relied on a small set of highly skilled engineers who typically came from London 
either on the invitation of local interested parties, or speculatively, and set up works using 
lines of credit from the bank and their suppliers rather than from raising investment as had 
been done in the larger metropolitan ventures (Falkus 1967). Consequently, adoption in this 
phase of development was limited to businesses that had the opportunity to connect to 
expanding infrastructure systems, a government decision, although one that was certainly 
influenced by business sentiment, and the availability of skilled labour to make the 
connections. Once connections were available, most businesses that were likely to reap 
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productivity benefits – in our framework, that where relative advantage was clear (diffusion 
framework) and where it enhanced production practices (adoption framework) - were willing 
to adopt the technology. Given the geographical nature of infrastructure development, high 
levels of observability increased the speed of diffusion and the competitive pressure of peers 
using the technology, an external factor in our adoption framework, created high inducements 
to adopt. At the same time, businesses were highly receptive to new lighting sources as 
international conflict had increased the price of tallow, reducing its cost advantage over gas 
fittings. We see parallels in the present day where foreign conflagrations have had 
implications for energy prices, increasing the attractiveness of renewable sources of energy. 

On the supply side, workforce availability significantly affected the timing of infrastructure 
rollouts. The other set of skilled workers involved in gas were on the generation side – the 
coal stokers in the gas works. General workers came from other industrial trades to work in 
production of gas bringing additional capabilities. These workers were often subject to 
seasonal demand which added complexity to industrial relations (Melling 1979). Skills and 
experience from the iron founding industry were supportive in making the transition into gas 
distillation in Boulton & Watt - particularly their experience of developing and manufacturing 
parts that could handle gas (Falkus 1982). This related too to their work in steam engine 
production. Interestingly, the introduction of gas lighting and power had significant impacts 
on labour organisation and, as with the diffusion of steam power, stoked labour discontent. 
Coal stokers were key in founding the Gas Workers and General Labourers Union (founded 
in 1886 and now GMB) (Melling 1979). There is a complex interrelationship between 
industrialisation, labour rights and artificial lighting. Cheaper, safer and more reliable artificial 
lighting for factories obviously allowed a continuation of long working hours for British 
workers. Yet the Gas Workers and General Labourer's Union are associated closely with the 
fight for an 8-hour working day. The formation of the Gas Workers' Union coincides with 
increasing electrification however and once more shifting technological landscape. 
Production was largely only hampered by strike action by stokers in the later part of the 19th 
century. This episode demonstrates how important labour considerations can be in adoption 
decisions. While the needs of labour were rarely taken into account during this period, the 
reaction of workers to the introduction of new, particularly disruptive, technologies likely to 
significantly change or eliminate jobs has become a much larger consideration. It is partly in 
response to historical resistance by labour to steam and gas technology that we added the 
workforce row to the adoption framework.    

Capacity was mainly hampered by difficulties in providing consistent provision of early coal-
gas (Tomory 2014) the parallel development of storage technologies ultimately helped to 
overcome those challenges (Tomory 2014). Economies of scale and demand provided the 
motivation for this - particularly once the London & Westminster Gas and Coke Company 
were founded. Overall market demand drove the commercialisation of gas lighting 
technologies, with the UK being best placed to exploit this opportunity due to its natural 
resources and well-developed similar technologies and skills in industries such as iron and 
steam.  Solar Energy & Renewables 
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Solar panels are the key technology used in generating electricity from sunlight. They play a 
core role in the renewable energy sector and the global goal to reduce greenhouse gases to 
prevent global warming of above 1.5 degrees higher than pre-industrial levels. Solar panels 
are made up of a number of solar cells. The first solar cell was created by Charles Fritts in 
New York in 1883. This early cell lacked efficiency as it was only able to convert 1-2% of light 
into energy (Elliot 2024). The quest for increased efficiency in converting light into energy is 
a constant challenge in solar cell technology development. In the present context, solar 
energy is an important part of the renewable energy market in the UK and is seen as vital to 
achieving Net Zero goals by reducing the need for fossil fuels which emit high levels of 
greenhouse gases – the main cause of climate change. The UK recently recommitted to 
increasing solar energy generation by setting a target of 45-47 GW of solar energy generation 
by 2030; an increase of capacity of around 36% is therefore needed (HM Government 
2024b).  

Contemporary solar cells are made predominantly from silicon and have a maximum 
efficiency of 29% in converting light to energy (Carrington 2023). Up until recently, low relative 
efficiency levels had reduced the attractiveness of solar energy to both utilities and as 
commercial solutions. However, recent developments in perovskites (a crystalline 
compound) are set to enhance that efficiency as used in combination with silicon (tandem 
cells) they can capture different colours in the light spectrum, increasing their efficiency to up 
to 33.9% (Elliot 2024).   

Solar is beginning to gain traction in the UK market: 1.6 GW of solar PV generation capacity 
was added to the UK’s solar energy generation over the year of September 2023 - September 
2024 (HM Government 2024(a)).  

The largest growth in deployment has been in larger installations fuelled by the growth of 
solar plants (Barrett & Scamman 2023). With respect to the adoption framework, external 
and environmental factors play a large role in this market. The oldest solar plant was opened 
in 2015 (Sunsave Energy 20Large scale installation of solar farms typically have ground 
mounted panels and have specific requirements that land is flat and/or is south facing (Barrett 
& Scamman 2023) to maximise light capture. This limits where and how large industrial solar 
installations can get and shapes utility investment decisions. Presently, 43% of UK solar 
farms are in the south of England (Rankl 2024). Energy is distributed in the UK via the 
National Grid, which is owned by National Grid Plc in England and Wales, and Scottish Power 
Energy Networks and Scottish and Southern Energy Networks (SP Energy Networks n.d.).   

However, sources from the industrial development side of renewables say that the grid is the 
number one hurdle holding back more solar energy development in the UK with challenges 
relating to old infrastructure, which in turn does not handle local site generation or variable 
generation well. This increases costs and expected returns from adopting solar technologies. 
Government regulation is also holding back further solar adoption. There is also a significant 
backlog of applications to be connected to the grid to feed energy with estimated wait times 
hovering at 10 years (Vattenfall 2024; NDT Group n.d.). Connection applications were 
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paused in January 2025 to alleviate the backlog (Johnson 2025) but this severely limits the 
pace of investment in and adoption of solar technologies.  Battery storage is one potential 
solution to manage feeding into the grid as well as storing for use on a local site. This is a 
potential area where government intervention could speed progress towards maturity of a 
complimentary technology (local batteries and microgrids) to ensure that momentum in solar 
adoption is not lost.  However, ambitions are reportedly lagging need as the UK government 
has predicted the UK will need 23-27 GW of battery storage to support its 2030 clean power 
ambitions (HM Government 2024b). 

Public resistance to solar farms can be another constraining factor to the development of 
large solar sites although solar records the lowest opposition out of all renewable installations 
with just 9% of people saying they would be very or fairly unhappy with having a solar farm 
constructed in their local area, compared to 83% who said they’d be happy or very happy 
(HM Government 2024c). However, rural communities were more likely than urban ones to 
express concern over land use (20% compared to 10%) and oppose solar farms on the basis 
that there would be a lack of benefit to local communities (45% versus 29%) and to the local 
economy (40% compared to 29%) (HM Government 2024c).7 There is also a role here for 
government intervention to address community opposition where it flares up. That said, 
increasing the pace of grid connections is presently a higher priority to accelerating 
development and adoption. 

Outside of utilities, the adoption of solar energy generation relies on the willingness, 
capability, and capacity of users to install solar panels across domestic and industrial sites. 
In the domestic market, the decision to adopt solar panelling at scale is largely in the hands 
of developers. As with many of their inputs, they are sensitive to costs and regulatory 
considerations that may increase the attractiveness of solar. They are also influenced by 
consumer demand, which is increasingly receptive to sustainable development. Rising 
energy prices (another external variable) are likely to raise the attractiveness of having local, 
renewable energy as an option in new developments, which will likely increase pressure on 
developers in the future. However, installing solar panels and associated infrastructure 
requires specialised skills, which may limit developers’ capability to deliver solar as an option. 
Similarly, other external factors, such as alternative energy saving options are also 
increasingly available (e.g., heat pumps, more efficient and affordable window options, and 
energy conscious building techniques), may be more attractive to developers seeking to 
provide a more sustainable offering, thereby limiting adoption of solar solutions. There are 

 
7 Sector based bodies disagree about the potential impact of solar panels on land use, for solar farms versus for 
agriculture (Rankl, 2024). Large scale solar farms are typically owned by private firms, but community ownership 
of renewable energy has been increasingly popular, in particular, the biggest UK transfer of solar farms saw eight 
sites pass into community ownership in 2024 (Martins, 2024). Models such as community ownership can create a 
stronger support for solar farms in the future as communities benefit more directly from having them located 
nearby. 
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1,478,101 domestic solar PV sites in the UK as of December 2024, while this number 
represents significant process over the last 15 years, the total figure still represents a small 
fraction of domestic properties in the UK.   

The potential for medium sized installations on industrial and warehouse buildings remains a 
key target for government as it has been suggested that warehouse rooftop space could 
provide 15GW of new solar capacity (UKWA 2022) given that 90% of the UK’s total roof area 
is large factories, warehouses and agricultural buildings (Barrett & Scamman 2023). The UK’s 
Warehousing Association (UKWA) has identified that although the payoff for installation costs 
can take 4-6 years and provide a return of 10-15% if self-financed, low levels of energy 
demand in many warehousing buildings means that for many they do not fit the typical 
cost/benefit profile of industrial buildings (UKWA 2022). This significantly reduces willingness 
of industrial units such as warehouses to adopt this technology. As with domestic 
applications, installations require specialist expertise further increasing costs to 
building/business owners. Furthermore, solar installations can complicate the liability 
relationships between landlords and tenants, affecting the capacity of businesses in 
leasehold situations to adopt the technology (UKWA 2022). Outdoor carparks are also 
identified as a key potential market for medium scale solar PV installation, however, the data 
available are limited (Barrett & Scamman 2023) and as such the government will call for 
evidence in 2025 to inform their approach to encouraging solar panels in car parks (UK 
Government 2024b). Business installations that make up the bulk of medium size installations 
are often motivated by reducing their energy bills by producing and using their own energy 
on site (Business Energy Scotland n.d.). 

The UK Government has multiple motivations for encouraging wide scale adoption of 
renewable energies generally, including solar, beyond the environmental impact of fossil fuel 
energy generation and its link with climate change.  A particularly strong motivator comes 
from Russia’s invasion of Ukraine which highlighted the need for (local) reliable energy 
sources, that would not be affected by international conflicts.   

4.2.2 Nuclear Fusion 
Nuclear fusion refers to the process of combining two atomic nuclei to form one heavier 
nucleus, which generates large amounts of thermal energy (IAEA 2023). It is the same 
process which happens on the sun (IAEA 2023). Nuclear fusion requires extremely high heat 
and pressure to create a plasma state which allows the nuclei to overcome their natural 
repulsion (IAEA 2023). Early breakthroughs in fusion technology development came in the 
1950 from the Soviet Union where the first tokamak and stellarator machines were created. 
The oil crises of the 1970s saw a renewed interest in nuclear energy from many countries 
(World Nuclear Association 2024), again highlighting the role of energy security as a 
motivator for increased public sector interest (and investment) in new energy sources.  

Current research in nuclear fusion energy development focuses on two main methods of 
creating energy from nuclear fusion: inertial and magnetic confinement (IAEA, 2010; World 
Nuclear Association 2022). These processes refer to the technologies used to contain the 
plasma created when heat and pressure are applied. Inertial confinement typically uses 
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lasers, while magnetic confinement relies on magnets. In the UK research was predominantly 
focussed on magnetic confinement through systems such as the tokamak which was at the 
heart of the Joint European Torus (JET) experiments in Culham, Oxfordshire. While the UK 
is not involved in JET’s successor (International Thermonuclear Experimental Reactor 
(ITER)) there is still much activity in nuclear fusion R&D in the UK including £650 million 
invested in the development of the first fusion power plant in Nottingham (Whiting & 
Torkington 2024) which it is hoped will be operational by the early 20240s (Innovation News 
Network 2022). 

In the UK, there is significant investment from both public and private sectors as well as a 
mix of organisations experimenting and developing technologies to commercialise fusion 
energy. The UK Atomic Energy Authority (UKAEA) is an executive non-departmental public 
body overseen by the UK Government’s Department for Energy Security and Net Zero and 
tasked with leading the development of fusion energy in the UK and maximising social and 
economic benefits from the related research (HM Government n.d.). But there are only two 
firms currently involved in commercialising fusion technology: Tokamak Energy and First 
Light Fusion Costs and market conditions currently create high barriers to entrants to the 
market and thus anything other than very early adoption of fusion technology. The road to 
achieving sufficient energy generation from nuclear fusion, such that it outweighs the large 
amounts of energy required to make the reaction happen, remains a long one. So far, no one 
experiment has yet been able to generate net positive energy to cover the energy used to 
create the process, suggesting it will take some time before capacity is able to cover demand 
let alone consistency during downtime. Related to energy level challenges to capacity is the 
difficulty in maintaining the high temperatures and pressures required to create plasma for 
long enough periods to generate continuous energy (World Nuclear Association 2022). 

At present, external factors such as availability of materials are the main challenge for nuclear 
fusion technology and are likely to remain a production constraint in capabilities to adopt in 
the future. Materials used in the process need to be low activity i.e. that they “can be 
dismantled and disposed of relatively rapidly, without the risk of radioactive contamination” 
(UKAEA n.d.). They must also typically be nuclear qualified as materials can change when 
exposed to neutrons (UKAEA n.d.). They must be resistant to the high heat, pressure and 
corrosive materials used to create plasma (UKAEA n.d.). Technologies such as 
superconducting magnets are an essential but expensive component in the generation of 
nuclear fusion energy. Despite these challenges there is a perception that existing technology 
and workforce expertise are available to expediate solutions to these challenges for example 
adapting techniques used in aerospace manufacturing to fusion materials (Innovation News 
Network 2022). Furthermore, developments in fusion could see spillover benefits for other 
industries for example robotics developed for fusion could benefit space exploration 
(Innovation News Network 2022) and the semiconducting magnets used in fusion could 
benefit medical technologies such as MRIs  

Once proven, fusion energy is likely to face many of the same obstacles as solar – factors 
that largely fit into the external and environmental grids of the adoption framework. 
Distribution of nuclear energy will be reliant on large scale, centralised energy plants, rather 
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than localised energy provision, although some private actors have investigated creating 
compact fusion reactors which could be installed at sites such as factories to provide more 
localised energy (see for example Lockheed Martin’s (n.d.) Skunk Works compact fusion 
experiments). As a result, constraints around grid connections, unless alleviated, will delay 
investment returns on fusion enterprises. Another external factor - public perception of 
nuclear fusion - will be an important component to commercialising the technology. As it 
stands, nuclear fusion appears to have low levels of awareness among the general public 
(33% have never heard of it), but overall support is strong in general for developing nuclear 
fusion technologies (33% support, 17% strongly support) (HM Government, 2024d). 
Distinguishing nuclear fusion from nuclear fission will be important, as there is a high level of 
opposition to new nuclear fission sites being built in the respondents’ local area (17% oppose, 
24% strongly oppose) (HM Government 2024(d)). The government will have an important 
role to play in regulations and messaging around fusion to help shape public sentiment that 
might otherwise be a significant brake on the diffusion of fusion technology.  

In January 2025, the UK Government announced £410 million investment of R&D funding to 
significantly advance fusion energy over 2025-2026 which included Fusion Futures - “a suite 
of measures aimed at building fusion capability, including skills development and LIBRTI, a 
new fusion fuel R&D facility (HM Government, 2025(b)). Areas of skills expansion include 
engineers in superconductivity, power systems, cryogenics and neutronics (The Fusion 
Cluster, 2023).  

4.3 Health & Wellbeing 
4.3.1 Antibiotics 

While the practice of using microbes to prevent and treat disease can be traced back to over 
2000 years ago (Hutchings et al. 2019) the scientific discovery of what is now called 
antibiotics is often credited to Alexander Flemming discovering penicillin in 1928. Despite 
this, it was not until a decade later that penicillin was introduced as an effective treatment for 
bacterial infections (Sneader 2001) and real shifts in modern medicine occurred. Flemming 
struggled to attract the interests of chemists who would take the discovery on and develop it 
into a widely accessible medicine and eventually abandoned the effort in 1940 to focus on 
other pursuits. Fortunately, that same year, pharmacologist Howard Florey and biochemist 
Ernst Chain, both working at Oxford, published a paper outlining a method for purifying 
penicillin (Aminov 2010; Gould 2016). This breakthrough paved the way for penicillin's 
eventual availability for limited medical use in 1945 (Gould 2016). A UK based team 
collaborated closely with American scientists to develop the drug (Bud 1998). Florey and 
Chain did not patent the discovery, believing it would be in poor taste to do so, however other 
antibiotics were eventually patented in the US. The Americans’ ability to scale up production 
led to debates and questions in Parliament, during the Second World War, about the role of 
the Medical Research Council in funding the development of penicillin (Bud 1998) and 
questions as to why the discovery was not patented in the UK. 

Following a successful trial of penicillin in mice in 1940, scaling production for adequate 
supply became a serious challenge since it took gallons of mould broth to produce tiny 
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amounts of the drug. In fact, the first human patient to be given penicillin eventually died of 
his infection, as there was not enough to treat him fully (Science Museum 2021). This 
represents an early capability constraint—a key element in our framework i.e.: the innovation 
(penicillin) had proven its value (and elicited high willingness to adopt), but production 
processes lacked the technical maturity and resources to meet high demand. Outsourcing of 
production to US pharmaceutical companies helped to scale up production and to augment 
limited supply. This transfer of expertise and production reflects a deliberate use of 
intermediary pathways to accelerate diffusion domestically and internationally. 

Initially penicillin was grown; cultivated from a fermentation process, and it was this method 
that the American medical industry was focused on to meet the high short-term demands of 
the ongoing war. The consensus at the time was that this was needed while work was 
ongoing to develop the means to synthesise the chemicals in antibiotics (Bud 1998). This 
reflects a pragmatic trade-off between willingness (urgent medical demand) and capability 
(limited synthetic routes available). Indeed, work on synthesising antibiotics during the period 
around 1944 required large teams of chemists and the efforts were described as secondary 
only to the Manhattan project developing the nuclear bomb (Bud 1998). However, the costs 
of deep fermentation fell when the molecular structure was discovered and as such, the 
Anglo-American synthesis project was abandoned (Bud 1998). This mirrors how 
technological evolution often shifts the balance between capability and capacity 
considerations over time. Deep fermentation in itself was a technological innovation: prior to 
its use in creating antibiotics, medicines had typically been synthesised or relied on slow, low 
yielding extraction processes (such as those used in early penicillin development) (Quinn 
2013). This process revolutionised much of the medical industry signalling a shift from 
chemistry to microbiology (Quinn 2013). By enabling mass production of biological agents, 
deep fermentation shifted pharmaceutical production away from traditional chemistry and 
toward industrial-scale microbiology, dramatically improving trialability and observability—
two key characteristics that, according to the framework, drive faster diffusion. 

Following the successful trial of penicillin in mice in 1940, scaling production for adequate 
supply became a serious challenge/barrier since “gallons of mould broth was required to 
produce just a fingernail of penicillin” (Science Museum 2021). In fact, even the first human 
administration of penicillin in 1941 on a police officer, Albert Alexandre, while starting to 
display notable signs of healing, eventually resulted in the tragic loss of the patient’s life 
because “the supply of penicillin quickly ran out and Albert’s infection returned” (Science 
Museaum 2021). Consequently, the use of human urine to extract and recycle penicillin and 
outsourcing of production to US pharmaceutical companies was resorted to scale up 
production and to augment limited supply. Thus, in the initial stage, limited production/supply 
scale was a big barrier to the widespread adoption of antimicrobial drugs in the UK.   
Therefore, stocks of penicillin were not available to the civilian population in the UK until after 
World War II had ended. This led to ethical questions on treating with penicillin for medical 
professionals who were treating prisoners of war (POW) with penicillin while the civilian 
population did not benefit from the medical advancement (Justham 2015). In line with our 
diffusion framework, this reflects a profound constraint on dissemination and equitable 
diffusion: although knowledge of penicillin’s benefits was spreading (increased willingness), 
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capability was bottlenecked by supply shortages, and capacity (resources) was strategically 
rationed toward military needs. Furthermore, human factors like trust and perceived risk—
key considerations in adoption decisions—also emerged as major barriers: for instance, 
prisoners of war were reportedly convinced that the injections were to poison them, so 
practitioners would leave small amounts in the bottom of the vial used to treat the POW and 
collect the ends to give to very sick civilians8 (Justham 2015). This highlights the importance 
of our framework’s emphasis on social factors and their influence on adoption, particularly 
negative framing and lack of observability of treatment outcomes, which can sow mistrust 
among target users; hence policymakers need to take this into account. Penicillin was initially 
delivered intravenously which did not necessarily require any new training for practitioners, 
however, it was described as painful for the patient and involved challenging preparations 
(Justham 2015). The introduction of antibiotics did, however, change the practices and 
perceptions of nurses during WWII, with nurses from the time describing it as transformative 
as they spent less time treating infections (Justham 2015).  

The golden era of antibiotics (typically described as 1940-1960) coincided with the postwar 
creation of the NHS in the UK (1948) which in turn changed the institutional structure and the 
ways in which medical care was delivered. Antibiotic resistance was identified even prior to 
the Golden Age of antibiotics driving the need to discover new variations to treat resistant 
cases (Lobanovska & Pilla 2017). As such the challenge of the ‘discovery void’ in developing 
and introducing new antimicrobial drugs and diagnostics (Renwick et al. 2016; Scannell & 
Bruce 2015) was and is increasingly important. This started to become an issue from 1987 
onward. During this period, a marked decline in further research in antimicrobial drugs was 
observed (Durand et al., 2019; Chopra et al. 1997). This decline has been attributed to 
various scientific, regulatory, and economic challenges (Luepke et al. 2017). 

In addition, the regulatory and policy framework was another significant barrier to widespread 
antibiotic adoption in the UK and globally. For instance, the pharmaceutical industry has 
struggled to discover new antibiotics due to flawed strategies and biased compound libraries 
(Livermore 2011). Other regulatory hurdles include increased scrutiny for safety and efficacy, 
as well as the need to demonstrate superiority to justify pricing (Fernandes 2015). Venkatesh 
et al. (2011) also stresses that generic antibiotic industries face complex markets and 
tightened regulations. All of these affected supply and pricing which, in turn, influenced the 
rate of adoption (ibid). 

Similarly, the use of antibiotics in livestock production presents a complex challenge, 
balancing animal welfare with human health concerns related to antimicrobial resistance 
(AMR) (Scott et al. 2015). While antibiotics are crucial for treating animal diseases, their 
overuse contributes to AMR development (Aarestrup 2015). Veterinarians face conflicting 
demands between ensuring animal health and minimizing AMR risks (Adam 2019). Intensive 
farming practices often lead to higher antibiotic use compared to extensive systems (Dewulf 
et al., 2020). Evidence suggests that antibiotic-resistant bacteria can spread from animals to 

 
8 This illustrates how informal networks and peer-led interventions—elements identified as critical in diffusion 
pathways—can sometimes circumvent formal system constraints 
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humans through various pathways (Marshall & Levy 2011). Efforts to reduce antibiotic use in 
livestock include improving biosecurity, animal husbandry, and farm management practices 
(Aarestrup, 2015; Dewulf et al. 2020). The European Union is revising animal welfare 
legislation to address AMR by promoting higher welfare standards that reduce the need for 
antibiotics (Pegger et al. 2023). A harmonized approach to defining critically important 
antimicrobials is needed to balance human and animal health concerns (Scott et al. 2019). 

4.3.2 MRNA Treatments  
“Messenger ribonucleic acid” (mRNA) was first identified in 1961, and its isolation for in vitro 
protein expression was successfully achieved in 1969 (Brenner et al. 1961; Lockard & Lingrel 
1969; Zhang et al. 2023). In 1993 and 1995, mRNA was shown to activate both innate and 
adaptive immunity (Jirikowski et al. 1992; Martinon et al.1993; Conry et al. 1995; Zhang et al. 
2023). However, despite the encouraging results, development of mRNA faced significant 
capability and willingness barriers underscored by limited investment, largely due to concerns 
about their instability, inefficiency of in vivo delivery, and potential innate immunogenicity (the 
fear being that they would cause an adverse reaction). This reflects how risk perception—a 
key human factor influencing willingness—and technical complexity challenges around 
capability inhibited early adoption.  

However, continued research into safety, design and manufacturing ultimately paid off, 
culminating in the development of highly effective mRNA vaccines for COVID-19, which have 
been crucial in efforts to control the pandemic (Zhang et al. 2023).  

The UK has been at the forefront of biomedical research, with several institutions and 
companies actively engaged in the development of mRNA-based therapies. The success of 
the Pfizer-BioNTech and Moderna COVID-19 vaccines, which utilise mRNA technology, has 
catalysed interest and investment in this field (Polack et al. 2020). UK-based researchers 
have contributed significantly to the understanding of mRNA delivery systems, stabilisation 
techniques, and immunogenicity, which are critical for the efficacy of these treatments (see 
Sharpe et al. 2020; Wilkinson 2023). For instance, Imperial College London has been pivotal 
in advancing mRNA vaccine research, particularly through its self-amplifying RNA (saRNA) 
platform, which aims to enhance the potency and durability of immune responses (McKay et 
al. 2020).  

In the UK, mRNA technologies have demonstrated immense potential to address a wide 
range of diseases, from infectious diseases to cancer and rare genetic disorders. The 
development of the Pfizer-BioNTech mRNA vaccine was underpinned by a robust B2B 
partnership between BioNTech, a German biotech firm, and Pfizer, a global pharmaceutical 
giant, with significant contributions from UK-based researchers and institutions (MHRA 
2021). These partnerships enable the sharing of expertise, resources, and intellectual 
property, which accelerates the diffusion of mRNA technologies. However, the effectiveness 
of this pathway depends on the alignment of interests, values, and constraints between 
partners.  

Social networks contribute to the spread of information about mRNA-based treatments. 
Public discourse, media coverage, and peer-to-peer communication influence perceptions of 
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these technologies. While positive narratives, such as the success of mRNA vaccines in 
combating COVID-19, have enhanced public acceptance, misinformation and vaccine 
hesitancy remain significant challenges (Larson et al. 2021). The role of opinion leaders, such 
as scientists, healthcare professionals, and community influencers, is crucial in shaping these 
narratives and countering misinformation.  

Healthcare professionals’ willingness to adopt mRNA-based treatments may be heavily 
influenced by their understanding of the technology’s impact on patient outcomes and their 
professional roles. Training programs and continuing education initiatives have proven 
effective in building confidence and competence among clinicians, thereby fostering a more 
receptive attitude toward these treatments (NHS England 2023). Similarly, at the 
organizational level, pharmaceutical and biotech companies were highly motivated to invest 
in mRNA vaccines technologies due to their transformative potential (Aoki 2024). However, 
leadership teams must carefully align innovation strategies with organizational values and 
risk tolerance profiles to ensure sustained commitment (Ajana et al. 2024). Public demand 
for mRNA vaccines was shaped by perceptions of safety, efficacy, and accessibility (Iqbal et 
al. 2024). Regulatory support and transparent communication from intermediaries such as 
the Medicines and Healthcare products Regulatory Agency (MHRA) and the National Health 
Service (NHS) have been instrumental in fostering trust and acceptance among the broader 
population (Larson et al. 2021). However, public perception and willingness to vaccinate vary 
across ethnicity, cultures and age (Iqbal et al. 2024)  

Producing and administering mRNA treatments requires specialised skills and infrastructure, 
necessitating close collaborations between academia, pharmaceutical companies/industry, 
and government to address skill gaps and enhance workforce readiness (Department of 
Health & Social Care 2021). Pioneering firms such as Moderna and BioNTech, already 
possessed the necessary financial, and human resources, expertise, patents, development 
experience, digital infrastructure, efficient production facilities, strong partnerships, and a 
strategic corporate culture for the successful development and rollout of the mRNA vaccines 
(Aoki 2024). However, the high costs associated with mRNA-base treatments look set to 
affect its adoption especially in non-vaccine applications, which may require derisking or 
subsidisation by the UK government to facilitate diffusion and adoption and implementation. 
Hence, government funding and incentives are therefore essential to bridge this gap and 
enable broader participation in the mRNA ecosystem. Additionally, reliable access to raw 
materials, such as lipid nanoparticles, is crucial for scaling up production. Strengthening 
supply chain resilience has emerged as a priority for both private and public stakeholders, 
underscoring the interconnected nature of technological adoption (Zhang et al. 2022).  

Workforce flexibility is a key concern in enabling capacity to deliver mRNA treatments, as 
integrating these treatments into existing healthcare systems requires reallocating resources 
and managing competing priorities. Ensuring sufficient flexibility in workforce allocation is 
essential to avoid disruptions in service delivery (NHS England 2023). Similarly, retrofitting 
manufacturing facilities to accommodate mRNA technologies involves significant opportunity 
costs, necessitating investments in infrastructure and process optimization to enhance 
capacity (Zhang et al. 2022). A supportive regulatory environment is also critical for enabling 
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widespread adoption. The UK’s streamlined medical approval processes and proactive 
engagement with stakeholders have set a benchmark for other countries, demonstrating the 
importance of regulatory clarity in accelerating diffusion (MHRA 2021; WHO 2023).  

Provisional conclusions drawn from the analysis of mRNA-based treatments in the UK 
highlight several key lessons. First, public agencies such as the MHRA and the NHS have 
played a pivotal role in accelerating diffusion by providing regulatory clarity, fostering 
partnerships, and promoting public trust (see also Stratford et al. 2020; Ajana et al. 2024). 
Secondly, addressing workforce resistance and building capability through training and 
education are essential to ensuring equitable and sustainable adoption (see Iqbal 2024). 
Finally, geographical and sectoral variations in adoption patterns underscore the need for 
tailored approaches that consider local contexts and stakeholder needs. These insights 
collectively emphasize the multifaceted nature of mRNA technology adoption and the 
importance of a holistic strategy to maximize its benefits for the UK society and the economy.  

4.3.3 CRISPR Treatments  
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) technology is a 
revolutionary gene-editing tool that has gained significant attention in the scientific and 
medical communities for its potential to transform the treatment of genetic disorders, cancers, 
and infectious diseases. CRISPR-based treatments medical therapy uses a powerful gene-
editing tool (called CRISPR) to fix or modify genes in the body (Chanchal et al. 2024). The 
United Kingdom is at the forefront of implementing CRISPR-based treatments. In November 
2023, the UK’s Medicines and Healthcare products Regulatory Agency (MHRA) became the 
first regulatory body worldwide to authorise a therapy utilising CRISPR–Cas9 gene-editing 
technology (Wong 2023). This therapy, known as exagamglogene autotemcel (brand name 
Casgevy), was approved for the treatment of sickle cell disease (SCD) and transfusion-
dependent beta thalassaemia (TDT) in patients aged 12 and over (Wong 2023).  

The National Health Service (NHS) UK has commenced the rollout of Casgevy, offering the 
therapy at specialist centres in London, Manchester, and Birmingham. Despite its high cost—
approximately £1.65 million per treatment course—the NHS has secured a confidential 
commercial agreement with Vertex Pharmaceuticals to provide the therapy at a discounted 
rate (Johnston 2024). This initiative is expected to benefit up to 460 patients with beta 
thalassaemia and around 50 patients annually with sickle cell disease, particularly those from 
Black African, Black Caribbean, and South Asian communities, who are disproportionately 
affected by these conditions (Johnston 2024). UK’s proactive approach in adopting CRISPR-
based therapies underscores its commitment to integrating cutting-edge scientific research 
into clinical practice. This not only offers hope to the nearly 17,000 people with inherited blood 
disorder in England with previously limited treatment options but also positions the UK as a 
leader in the application of gene-editing technologies in medicine.  

However, looking back at the diffusion and adoption of the mRNA Covid-19 vaccines, several 
actual and potential challenges/barriers to the diffusion and adoption of CRISPR-based 
treatments in the UK can be discussed. The UK’s strong pharmaceutical sector and research 
institutions provide a robust platform for collaboration between biotech firms and healthcare 
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providers. The partnership between Vertex Pharmaceuticals and CRISPR Therapeutics in 
developing Casgevy exemplifies successful collaboration. However, high development and 
manufacturing costs pose financial risks, which could constrain interest from smaller biotech 
firms. Also, concerns about intellectual property rights and licensing agreements may hinder 
open collaboration.  

Regulatory agencies such as the Medicines and Healthcare products Regulatory Agency 
MHRA, the National Institute for Health and Care Excellence (NICE), and Imperial College 
Hospitals have played pivotal roles in evaluating the efficacy and cost-effectiveness of 
CRISPR-based treatments. NHS England’s commitment to providing treatment free at the 
point of access for eligible patients further supports diffusion. However, given that the 
subsidized costs were due to NHS and Vertex having a confidential commercial agreement 
to provide the drug at a discount (Johnston 2024), in the future costs of CRISPR-based 
treatments could pose real challenges to rolling out access to patients via the NHS. Moreover, 
while streamlined, the regulatory approval process still faces scrutiny over long-term safety 
and ethical implications. Also, should ethical concerns about gene-editing, including potential 
unintended consequences, materialize restrictive policies that slow down diffusion may 
ensue.  

So far, positive media coverage and endorsements from healthcare professionals appear to 
have enhanced public trust in CRISPR therapies. However, observing successful patient 
outcomes can further encourage acceptance. Still, misinformation, similar to what was seen 
with mRNA vaccines during Covid-19, may lead to public scepticism. For instance, concerns 
about “playing God” or fear of genetic modification can result in resistance, particularly among 
religious and conservative communities. This concern is important to consider given the 
limitations of CRISPR-based treatments in vivo raised by some, thus, “ineffective delivery, 
unwanted immune responses, off-target effects, unpredictable repair outcomes, and cellular 
stress” (Modell et al. 2022). In general support for gene therapies for use in specific medical 
treatments is high among the UK public with 83% of respondents surveyed by the Royal 
Society supportive of gene editing for incurable diseases (The Royal Society 2018). However, 
only 46% of those surveyed said they agreed that gene editing should be used in a more 
general way to tackle grand challenges (The Royal Society 2018). 

Physicians’ acceptance is critical to their willingness to administer CRISPR treatments. While 
many clinicians support CRISPR-based treatments due to their transformative potential, 
concerns over long-term effects and lack of extensive real-world data (Laurent et al. 2024; 
Uddin, Rudin & Sen 2020) may limit willingness. Patients suffering from SCD and TDT, 
particularly within Black African, Black Caribbean, and South Asian communities, stand to 
benefit the most (NICE 2023). However, historical medical mistrust, lack of awareness, and 
religious beliefs may lead to reluctance in adopting gene-editing therapies.  

Administering CRISPR-based treatments requires specialised interdisciplinary skills, 
particularly as currently many gene therapy treatments require narrow treatment sites, to limit 
gene mutations in healthy tissues, therefore treatments are often administered directly to the 
organ or system affected by disease and thus large medical teams are required to oversee 
the invasive procedure (Sacarakis 2023).  For treatment of blood diseases, genetic material 
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is taken from the patient, edited ex vitro and then administered via an infusion, with the patient 
also requiring chemotherapy beforehand, and a stay in hospital afterwards (NHS 2024). 
While the UK has a well-trained health workforce, additional training for clinicians and 
laboratory staff is necessary to ensure safe and effective implementation.   

For patients, the high cost of Casgevy (approximately £1.65 million per treatment) could pose 
a major barrier in the future. While the NHS has negotiated discounts, the sustainability of 
funding and patient eligibility criteria remain could be major concerns in the future, especially 
if treatments are to last over an elongated period. The availability of specialized centres in 
London, Manchester, and Birmingham ensures initial access, but later expansion could be 
affected by geographical disparities which may hinder nationwide availability. Expanding 
capacity to regional hospitals may be necessary, especially in the aftermath of the success 
of the initial rollouts. While the transportation of ‘off-the-shelf' CRISPR treatments (i.e. in vivo 
and non-personalised) can rely on similar cold temperature logistics as many existing 
treatments, personalised treatments where genes are taken from the patient, treated and 
reintroduced (or ex vivo treatments) require strict tracking systems (Cencora, n.d.). 

Similarly, the complexity of CRISPR-based therapies in health, agriculture and other 
applications requires robust supply chains for gene-editing tools, patient-specific cell 
processing, and reinfusion logistics. Ensuring consistent production and distribution of these 
tools/logistics should a priority.  

 

5 Conclusions and insights 
This report takes on the timely topic of adoption and diffusion turning to the past for inspiration 
about how to understand, and ultimately affect, the future. It first acknowledges that the 
concepts of adoption and diffusion are complicated and often misunderstood. These terms 
have risen in significance in public policy in recognition of the fact that technology research 
and development is only one part of a complex innovation process, and that productivity has 
typically benefitted from the adoption of new and innovative technologies. Forging pathways 
from technology commercialisation to wider and wider markets gives a boost to both the 
supply of innovation and economic growth through productivity gains.  

Adoption, in this report, is the uptake and implementation of new technology while diffusion 
is an emergent phenomenon - the spread of those technologies through the economy, or the 
degree and rate to which they have been adopted. Policy makers seek to understand what 
drives adoption decisions so that they can intervene to accelerate or influence the direction 
of diffusion. While many diffusion strategies assume that more diffusion is generally better, it 
is important to recognise that other policy objectives may demand a more focused approach 
that encourages diffusion of specific technologies to specific communities – e.g., clean 
energy use to more heavily polluting industries. Whether broadly construed, or tightly 
focused, promoting diffusion means understanding how and why firms choose to adopt 
technologies. 
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This research adds to the rich literature on technology adoption and diffusion by proposing a 
set of frameworks to guide funders in their efforts to achieve policy goals through technology 
diffusion. The first framework focuses on adoption and lays out a series of factors that 
businesses consider in their adoption decisions. The main innovation of this framework is 
that it classifies factors both by the place within the business that the influence originates 
from (e.g., workforce, management/firm structure, production, and external context) but also 
in terms of what part of the decision process is most affected by those factors (e.g., 
willingness to consider technology, capability to implement technology, and capacity to 
dedicate resources to technology implementation). Conceptualising different parts of the 
adoption decision process in this way enables researchers to better diagnose and understand 
failure points and, consequently, how they might be mitigated. Adding these three dimensions 
unpacks, if still in a stylised way, the elements of decision making and introduces the idea 
that adoption depends on low barriers at each point in that process. 

The diffusion framework is set up as a tool for stakeholders seeking to influence the speed, 
trajectories, and pathways of technology diffusion. It starts with the premise that the role of 
policy makers in diffusion is primarily related to disseminating information about and 
facilitating access to the technology. We acknowledge that there are roles for the public 
sector in working with technology producers and their markets to reduce costs of the 
technologies through production efficiencies, assisting with scaling, and the like, we consider 
these interventions upstream and out of the scope for this framework. The framework focuses 
on how communication about technology is disseminated and tailored to target industries 
with an emphasis on framing relative advantages of the technology, enhancing accessibility 
of the technology by reducing complexity, increasing opportunities for businesses to observe 
the technology and its impacts, and by improving business access to low-risk testing and 
trials. We lay out different pathways of dissemination that are not mutually exclusive – 
business to business, through intermediaries, and through networks – to demonstrate how 
potential adopters can acquire information about technologies and how these might frame 
expected benefits or enable access to practical experience with the technologies differently. 
This enables stakeholders interested in affecting diffusion patterns to step back and 
understand how they might intervene to coordinate messaging or counteract framings that 
might be creating barriers to adoption. 

These frameworks were developed drawing first on literature on adoption and diffusion and 
then through road testing with case studies. In the case studies section, we explored the 
diffusion trajectory and adoption stories of three different technology families (advanced 
materials & manufacturing, energy & environmental, and health & wellbeing) across three 
timeframes (past, present, and future). Exploring these case studies, which vary significantly 
in terms of the nature of technologies and the markets within which they have diffused, 
provided an opportunity to test the value of the frameworks and enabled us to revise them to 
fill in any gaps. This iterative process enabled us to strengthen the frameworks as well as 
provide a robust approach to understanding the cases themselves. The process also 
generated the following lessons: 
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 Intermediaries have a role in accelerating diffusion: For many of these cases, 
intermediaries (most frequently governments and their stakeholders) have played an 
important role in shaping diffusion. This can happen on the supply side or the demand 
side. On the supply side, government intervention can help technologies reach 
appropriate levels of development for market, provide assistance so that production 
can be scaled to a point to where more widespread adoption is possible, or help 
technologies develop features or production methods to the point where they are cost 
effective. On the demand side, governments can also affect costs by negotiating 
supply, can increase the attractiveness of certain technologies through regulatory 
activities (see the mRNA case for good examples of both of these), provide resources 
(information or material) to boost capabilities, and more. Notably, government actions 
(and inaction) can impede technology uptake as lack of clarity on regulations or 
slowdowns in approvals processes can deter adoption or drive adopters to consider 
alternatives. The framework focusses more on the demand side but it is important to 
acknowledge the impact that government interventions in upstream activities can have 
on adoption decisions. 

 
This suggests that for many technologies there is an opportunity for intermediaries, 
including governments, their agents and/or stakeholders to shape diffusion 
trajectories. However, which roles might be appropriate, or effective, for any given 
technology will depend on understanding the constellation of considerations facing 
potential adopters and designing interventions that align government priorities with 
adopter incentives. 

 

 Labour and workforce implications can disrupt adoption: Degree of workforce 
buy in and broader impacts on labour are often considered secondary in adoption 
models but can be important considerations in adoption processes. Workers engaging 
in machine breaking slowed but did not impede the diffusion of steam powered 
factories. The case of industrial robotics shows that these kinds of disruptive 
behaviours continue to be a problem when workers have not bought into technological 
changes. The robotics case suggests that business leaders do take worker viewpoints 
into consideration and sometimes cite employee wellbeing as a guiding value in 
technological decisions. 

 
Understanding impacts of technology change on workforce, employment, wellbeing, 
and labour force composition is important to visioning exercises, particularly those with 
an equity (etc) focus. 
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 Adoption is shaped by a variety of factors across the willingness-capability-
capacity nexus: What the technology costs is different from what it costs business to 
integrate it. This is evident by how these considerations emerge at different points in 
the framework. For instance, the cost of a technology relative to alternatives can affect 
a business’ willingness to consider the technology. Customer and demand patterns 
can also affect that willingness. Market conditions, such as demand cycles, can 
influence cost calculations of both capability and capacity. The capital cost of the 
technology influences capability whereas the costs of implementation affect both 
capability and capacity. 

 
Interventions should be designed with an understanding of what is driving cost 
considerations. For example, providing businesses with subsidies to buy robots if a 
key cost consideration is related to the cost of production downtime to implement the 
technology. Pricing a wider variety of issues into adoption support can increase uptake 
and effectiveness of interventions. 

 

 Technological systems matter: Adoption of all these technologies required the 
development of further innovations to increase their utility, make them accessible to 
different industries, lower costs. Just as the boom in software was a key to the ICT 
revolution so too will the development of related technologies affect the perceived 
feasibility of the technology families studied here. Gas lighting was only possible 
because of developments in storage and transport infrastructure. Steam energy was 
only relevant to industry when a wider variety of machinery was developed to use its 
power. Gene editing will become more accessible when delivery methods are 
simplified and scalable. Solar becomes more feasible as battery storage technology 
improves. 
 
Understanding gaps that need to be filled to exploit the potential of technologies at 
scale is key to driving widespread adoption. While these will often fall outside of the 
boundaries of the adoption framework (to the extent that supply side developments 
often occur pre-adoption or as new uses for general purpose technologies evolve) it 
is important to understand that government roles in finding solutions adoption 
reluctance might lie upstream (with supply) or downstream (with demand). 
 

 The decision to adopt, or not adopt, a technology rarely comes down to just one 
consideration: The adoption framework matrix attempts to capture the high-level 
considerations that influence adoption decisions – but it’s still quite a lot! While case 
studies generalise lessons at the industry scale, they demonstrate how many factors 
can act on businesses and be considered simultaneously. This suggests that it may 
be difficult to narrow down a single barrier to adoption that is solely responsible for 
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adoptions decisions and rather that the combination of factors, both positive and 
negative, ultimately shape outcomes.  

There is no silver bullet. Effectively influencing technology adoption requires 
understanding how different factors play out, and combine, in any given firm’s 
decision-making process. This means that intervention on one factor is unlikely to 
overcome reticence for a wide variety of firms. Policy design should adopt a systems 
perspective to consider both the range of factors that are likely to be most influential 
for target firms and how factors affect and may multiply the influence of one another. 
 

 Do not overlook social and behavioural influences on adoption decisions: 
Adoption frameworks often privilege tangible factors such as costs or skills while 
reducing fewer tangible dimensions to categories such as “culture” or “attitudes”. This 
research shows that considerations about values, reputation, ambition, and risk can 
be equally important in shaping technology adoption decisions – particularly by 
influencing the willingness of businesses to consider (specific types of) technological 
solutions. Indeed, reinforcing the previous point, these kinds of social and behavioural 
factors should not be considered “in addition to” the more concrete factors, but should 
rather be understood as important lenses that colour firm perceptions and priorities as 
they consider things like cost. Given that the social and behavioural factors in our 
framework are typically inherent to firms and their leadership, they can be more difficult 
to overcome than capability (e.g., resource) limitations.  

This is why, in shaping diffusion, it is so important to tailor communication about 
technology benefits to the social and behavioural characteristics of target businesses 
rather than focusing on generic appeals that highlight technological benefits. Adopters 
need to make technological investment decisions align with their identities and 
organisational narratives and so need to see that potential in the messaging around 
potential technologies. This may be about drawing out benefits to productivity and 
environmental impact, or employee wellbeing, increased social impact, or reinforcing 
a reputation as an innovative market leader. Whatever it is, understanding how 
messaging can attract or repel potential adopters based on their social and 
behavioural priorities is important to increasing diffusion. 

 

Increasing technology adoption and diffusion is an important ingredient in stimulating the 
innovation economy and increasing prosperity. However, this research demonstrates that it 
is an extremely complex set of problems that defy easy or expedient solutions. This report 
provides some context, and a set of tools, to enable stakeholders to make sense of the 
technology trajectories that they want to influence. These tools will be useful in interacting 
with individual businesses to understand their decisions and in considering trends within 
whole industries. They will also be useful to understand how to effectively align public policy 
goals with practice to ensure that technology adoption supports sustainable, responsible, and 
equitable innovation. 
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