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Abstract 

The major limiting factor in biomedical research is access to knowledge when and where it is 

needed, i.e. on the job. Every year, science produces vast amounts of novel insights, which a 

single human individual cannot grasp. Consequently, researchers are prone to develop a 

psychological state called information overload, which hampers creative thinking. In order to 

facilitate optimal innovation strategies, research organizations are advised to implement 

assistance systems, which provide opportunities for digital data management directly at the 

work bench in experimental laboratories. 

Within the scope of this thesis, different concepts of assistance systems for biomedical 

research were identified and profoundly reviewed. The thesis provides an overview of 

innovative solutions for specific problems, that may emerge during experimental work and the 

advantages they promise to research organizations. The individual reviews are completed with 

discussions on challenges and risks, which could be expected if the concepts were realized by 

strategic information technology-dependent initiatives. The research revealed several 

approaches designed for direct assistance of experimental researchers: 

• automation of standardized, repetitive methodological routines, 

• establishment of a ubiquitous computing environment to facilitate access to and 

storage of digital information at various locations in wet labs, 

• integration of office and lab work into lab benches, 

• guiding researchers through pipetting schemes, and 

• helping researchers to remain focused on hands-on activities by applying augmented 

reality and voice assistance. 

Eventually, the emerging technological trend of virtual reality is included in the research 

because it indirectly assists researchers by effectively building tacit knowledge on practical lab 

work in a risk-free and cost-efficient manner, before entering real lab environments. Since none 

of the reviewed technological and software innovations are mainstream in research 

organizations yet, they were identified as disruptive technologies which still await an era of 

future laboratories, which demand their characteristics. 
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Executive Summary 

V 
 

Executive Summary 

The mission of biomedical research is to expand knowledge which enhances opportunities in 

medicine (National Research Council (US) Committee to Study the National Needs for 

Biomedical Behavioral and Clinical Research Personnel, 2011: p. 27; Flier and Loscalzo, 2017: 

p. 3210), and which is imperative in decision making (Kuhlthau, 1999; Piccoli and Pigni, 2018: 

p. 4). The underlying process of knowledge formation has its origin in wet labs, where 

researchers generate information in iterative cycles of experimental work and data analysis 

(Assmus et al., 2006: p. 894; Chao et al., 2017). 

The professional life of biomedical researchers is challenging. In their role as knowledge 

workers, biomedical researchers are highly dependent on knowledge, which can only be 

developed through years-long education and continuous studying of scientific trends; while in 

their role as information workers, they acquire data, which is needed for driving their own 

projects and the production of novel knowledge (Flier and Loscalzo, 2017: p. 3210; 

Kridelbaugh, 2017; McKinney, 2019; Job Hero Limited, n.d.) (see section 1.1). Considering the 

vast amount of new scientific knowledge generated and published every year (Altbach and de 

Wit, 2018), the inherent challenge and most limiting factor in biomedical research is finding the 

simplest access to explicit and tacit knowledge, when and where it is need, i.e. on the job 

(Stocker, 2010: p. 8) (see sections 1.2). 

The topic of this thesis are concepts of assistance systems for biomedical research, which 

simplify digital data management during experimental work (see section 1.3). Two objectives 

were defined: 

(1) identification and reviewing recent innovative technological or software solutions 

designed for assisting work in wet labs, and 

(2) their evaluation by discussing organizational advantages, challenges and risks, which 

could be expected if they were implemented. 

As a primary tool to achieve the objectives above, served literature research, including 

publications and other electronic sources, like webpages, which present and evaluate the 

concepts. If evaluating studies of the reviewed prototypes or products were not available, 

further literature about similar concepts or topics was consulted (see section 1.4). 

Automation of standardized and repetitive processes was identified as the simplest form of 

assistance. Basically, two modes of automation were reviewed. Automation of liquid handling 

with specifically designed machines or robots, which can be programmed to execute custom 
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working steps, and automation provided by mobile applications, which execute repetitive 

processes of data analysis (see section 2.1). Automation has the great advantage of removing 

human errors and reducing experimental variability, which increases reproducibility of results 

and, at the same time, improves turnaround times. Consequently, researchers have more time 

to spend on creative work. In the long run automation allows organizations to reduce 

permanent costs. However, the most considerable organizational challenges with automation 

are high initial costs and systemic effects. Personnel reduction involved with automation will 

reduce permanent costs, but the remaining personnel might require retraining because of 

changes of their roles. The highest risks related to automation are outages, since automation 

may result in personnel losing skills to manually perform the automized processes (Bainbridge, 

1983; Hawker et al., 2017; Ansari et al., 2018; Genzen et al., 2018; Lippi and Da Rin, 2019) 

(see section 3.1). 

Next to automation, various other concepts were developed, which seek to facilitate digital 

data management during the execution of experiments. Traditionally, researchers document 

experiments in paper-bound notebooks (pLNs), but with the ever-increasing computerization 

in laboratories, electronic laboratory notebooks (eLNs) emerged (Kanza et al., 2017: p. 1; 

Gerlach et al., 2019: p. 257-261) (see section 2.3). As enterprise software applications, eLNs 

promise substantial advantages over pLNs from an organizational point of view, which results 

in increased return on investments. However, the primary disadvantage of eLNs is their 

dependency on computers, which pose substantial challenges and risks for eLN-dependent 

initiatives, and which is a reason, beyond others, for slow adoption in organizations, especially 

in the academic sector (Butler, 2005; Walsh and Cho, 2013: p. 229; Dirnagl and Przesdzing, 

2016: p. 3; Kanza et al., 2017: p. 2 f.) (see section 3.3). 

Another important problem in biomedical research, which also opposes distribution of eLNs, is 

the “separation” between laboratories and office space (Echtler et al., 2010: p. 3440; Tabard 

et al., 2012: p. 3051). Various means tackling this problem were identified. A trend started with 

the idea to provide ubiquitous access to digital protocols in laboratories (Arnstein et al., 2002a) 

(see section 2.2 and 3.2). Later ideas intended to replace ordinary work benches with tabletop 

systems, which integrate experimental work and access to digital resources in their giant 

screens (see section 2.4). While there is evidence on its proof of principle (Tabard et al., 2011; 

Tabard et al., 2012; Tabard et al., 2013), indications on organizational challenges and risks 

with tabletops are limited. Presumably, multiple tabletop units should be installed in order to 

maximize its benefits. Considering that tabletops replace work benches, challenges would 

likely arise with the establishment of necessary information-technology infrastructures (see 

section 3.4). 
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Other solutions that were identified aim at helping researchers in focusing on their hands-on 

activities, for example by a pipetting aid system developed by Hile et al. (2004) which guides 

researchers through pipetting schemes (see section 2.5 and 3.5). One of the more recent 

innovations currently in development are smartglasses, which integrate various devices that 

are also found in smartphones. In addition, they provide augmented reality technology. 

However, the major obstacle are proper software applications, which still need to be developed 

(see section 2.6). Besides, little is known with respect to potential health issues. Especially 

questions about visual health after long-term usage remain of high interest (Hofmann et al., 

2017: p. 705), because smartglasses carry the potential to replace ordinary safety goggles in 

laboratories (see section 3.6).  

Integration of smartglasses with voice assistance systems could further enhance hands-free 

activities. The identified solutions for voice assistance systems demonstrate that voice 

assistance can be applied for supporting experimental work by, for example, guiding 

researchers through digital protocols (Cambre et al., 2019) or enabling users to remotely 

control laboratory instruments (Austerjost et al., 2018) (see section 2.7). Despite its 

advantages, voice interaction generally involves challenges related to background noise (Kim 

et al., 2016: p. 255), distraction of other people nearby (Austerjost et al., 2018: p. 480) and 

potential cybersecurity issues (Austerjost et al., 2018: p. 476, p. 478, p. 480 f.) (see section 

3.7). 

Eventually, virtual reality solutions were also reviewed because it is an emerging technology 

with potential advantages, which still are to be accepted by more industries. Currently, virtual 

reality seems to mainly find application by consumers in the video game industry but could 

also be applied for training researchers in virtual laboratories. Virtual reality can be further 

enhanced by the usage of head-mounted displays (HMDs) which provide full immersion into 

virtual environments (see section 2.8) (Piccoli and Pigni, 2018: p. 329). However, the major 

obstacle with HMDs hindering usage is motion sickness (Munafo et al., 2017: p. 889 f.). In a 

nutshell, the major advantage of implementing virtual reality technology for training purposes 

is that personnel could acquire knowledge on lab routines in a risk-free and cost-efficient 

manner, but it still needs further development in order to find broader application (see section 

3.8). 

The reviewed concepts of technological and software solutions carry characteristics of 

disruptive technologies. These are defined as novel technologies “offer[ing] a different set of 

attributes than the technology the firm currently uses” and the “performance improvement rate 

of the technology is higher than the rate of improvement demanded by the market” (Piccoli and 

Pigni, 2018: p. 129-131). Since none of the reviewed innovations is mainstream yet, it can be 
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concluded that current markets do not yet demand their performance improvement rates (see 

section 4). However, with the pervasion of the internet-of-things in laboratories and 

advancements in biomedical research (Perkel, 2017; Schemel et al., 2018), it can be expected 

that new technological standards will emerge and, eventually, novel technological and software 

solutions with higher performance improvement rates will be needed soon (see section 5). 
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1 Introduction 

1.1 Biomedical researchers 

In an organizational context, knowledge may be understood as “information in action” 

(Pombriant, 2013: p. 13). Even though there are multiple perspectives to describe the nature 

of knowledge (Stenmark, 2002: p. 928-937), this confined view of knowledge can explain its 

relevance for decision-makers (Kuhlthau, 1999), and why managers are defined as knowledge 

workers (Piccoli and Pigni, 2018: p. 4). The knowledge they need for making decisions is 

provided by the employees who carry a company’s knowledge (Quinn, 1994; Stocker, 2010: 

p. 8). They are paid for their time and knowledge offered to the company (Davidson, 1999: p. 

38). 

Information is “data in context”, which means that data needs to be first interpreted before 

becoming information (Pijpers, 2010: p. 3; Pombriant, 2013: p. 13; Piccoli and Pigni, 2018: p. 

112). In this sense, employees may be considered as information workers who gather 

information in “a process of constructing new knowledge” in order to build the “basis for 

decision-making” in a particular function (Kuhlthau, 1999: p. 399-412). Therefore, knowledge 

is a product of experience and acquired information; but is also needed to generate information 

(Stenmark, 2002: p. 928-937; Pijpers, 2010: p. 3-5; Piccoli and Pigni, 2018: p. 64). 

According to the definitions of knowledge and information, biomedical researchers are 

information workers, because it is their job to expand human knowledge by collecting and 

interpreting data. At the same time, they are knowledge workers, because they apply 

knowledge in order to make decisions about their projects they are responsible for (Flier and 

Loscalzo, 2017: p. 3210; Kridelbaugh, 2017; McKinney, 2019; Job Hero Limited, n.d.). They 

address questions of a broad spectrum of specific subjects ranging from studies of single 

atoms via studies of molecular and cellular systems through to studies of whole organisms and 

populations (National Research Council (US) Committee to Study the National Needs for 

Biomedical Behavioral and Clinical Research Personnel, 2011: p. 27; Flier and Loscalzo, 2017: 

p. 3210). They are experts holding a higher degree, an M.D. or a Ph.D., in specific scientific 

disciplines (National Research Council (US) Committee to Study the National Needs for 

Biomedical Behavioral and Clinical Research Personnel, 2011: p. 28). Depending on their field 

of research, they require a comprehensive knowledge of research methodologies and 

techniques, and communication skills which they obtain in years-long training (Job Hero 

Limited, n.d.). 
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Biomedical researchers usually work independently on their investigations, which means that 

they need to be able to take on responsibilities of whole projects they are assigned to (Job 

Hero Limited, n.d.). That work is generally recognized as very stressful which often results in 

health issues like anxiety or depression (A PhD state of mind, 2018: p. 363). The primary 

reason are academic systems fostering a hyper-competitive research culture (Belluz et al., 

2016; Woolston, 2018: p. 129 f.). The immense pressure to produce data and publications, 

while sometimes working on various projects in parallel, challenges the organizational skills of 

researchers and tends to push them into an unfavorable work-life balance which may raise 

feelings of isolation, failure or loss of control (A PhD state of mind, 2018: p. 363). 

The pressure in laboratories is aggravated by the need of delivering experimental results, 

which must be reproducible. “Reproducibility” may refer either to the ability that independent 

laboratories performing the same experiments achieve approximately the same outcomes 

(Belluz et al., 2016; Iyengar, 2017; Nature. Special, 2018), or the ability of researchers to 

reproduce their own results (Belluz et al., 2016; Iyengar, 2017). Troubleshooting experiments 

with undesired outcomes is a major reason for frustration in laboratories (Roberts, 2001: p. 10; 

Estrada and Atwood, 2012: p. 25.629.2-25.629.6; Iyengar, 2017), next to simple mistakes 

when performing experiments, which might happen as a consequence of inattentiveness or 

lack of practice (Mollie B, 2006; Science Entrepreneur Club Ltd., 2019). 

Obviously, skills in troubleshooting experiments can be built through proper experience 

(Roberts, 2001: p. 10). In other words, developing the right knowledge improves reproducibility, 

because knowledge is a product of experience and acquired information (Stenmark, 2002: p. 

928-937; Pijpers, 2010: p. 3-5; Piccoli and Pigni, 2018: p. 64). In addition, experience mitigates 

the risk for information overload (Pijpers, 2010: p. 29), which is another important factor for 

frustration (Pijpers, 2010: p. 27 f.). 

1.2 Information overload in biomedical research 

The mission of research and development (R&D) is to develop new products and processes 

to keep the competitive advantage of a company (Niosi, 1999: p. 111). From a simple process-

oriented perspective, R&D generates information and transforms it into knowledge which is 

then applied in manufacturing (Park and Kim, 2005: p. 34). However, this linear model of 

information flow in R&D is obsolete nowadays. During the last five decades all organizational 

units conducting R&D, i.e. universities, companies and governmental research institutions, 

adopted a more complex model (Niosi, 1999). Interdepartmental business development groups 

were formed, including members of R&D and other divisions like marketing, manufacturing and 
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finance (Niosi, 1999; Park and Kim, 2005). Since the late 1980s and 1990s, corporations even 

introduced more open and customer-oriented innovation strategies which involve partnerships 

with external entities, e.g. collaborations with universities (Niosi, 1999; Park and Kim, 2005; 

Petroni et al., 2012). Technological advancements further promoted the complexity of such 

networks of collaborating teams but explain also the inherent difficulty R&D faces (Park and 

Kim, 2005: p. 94-171; Piccoli and Pigni, 2018). 

Next to the internal knowledge of the company, a major source of knowledge for researchers 

are scientific articles. Researchers read articles in order to understand scientific trends, identify 

unanswered questions in their fields or to find technical information supporting their 

experiments (Subramanyam, 2013). The challenge in reading scientific articles is simply the 

amount of available publications. Millions of articles are annually published (Altbach and de 

Wit, 2018). In particular, the advent of the Internet accompanied with the pervasion of 

computers in laboratories opened doors to vast amounts of information, which obviously 

cannot be handled by single human individuals and, as a consequence, likely contributes to 

information overload (Kock, 2000; Stokstad, 2001; Tabard et al., 2008: p. 571 f.; Pijpers, 2010; 

Piccoli and Pigni, 2018: p. 135-171; Roetzel, 2019: p. 480 f.). 

Various definitions of information overload commonly refer to a mental state in which 

individuals feel incapable of managing a set of information (Wilson, 2001: p. 113; Hirsch and 

Volnhals, 2012: p. 24; Roetzel, 2019: p. 481-484), “i.e. an information load with informational 

characteristics such as an amount, a complexity, and a level of redundancy, contradiction and 

inconsistency” (Roetzel, 2019: p. 484), “within a certain timeframe” (Kock, 2000: p. 262). 

Reported consequences are sensations of “Time is wasted”, “Delayed decision making”, 

“Distraction” or “Stress” (Wilson, 2001: p. 112). Even though some controlled information 

overload to an unknown extend may be suggested (Kock, 2000: p. 262), there seems to be a 

consensus that information overload will suppress creative thinking because mental stress 

increases the chance of missing relevant information and inaccurate processing of information 

(Business: Too much information; Schumpeter, 2011; Sander and Janovsky, 2016: p. 178 f.; 

Roetzel, 2019). The ramifications of information overload are obvious. If employees (e.g. 

researchers) have no immediate access to knowledge when needed, an organization misses 

its potentials (Stocker, 2010: p. 8). 

The most intuitive solution to prevent information overload and to support the access to 

information and knowledge is to apply so called knowledge management systems (Alavi and 

Leidner, 1999; Alavi and Leidner, 2001; Piccoli and Pigni, 2018: p. 31). Different definitions of 

knowledge management commonly refer to an organizational discipline which includes 

creation, acquisition, sharing, storing, and usage of knowledge in order to achieve company 
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objectives (Breznik, 2018: p. 142; Piccoli and Pigni, 2018: p. 63-65). Knowledge management 

combines “tools, technologies, and processes” (Pombriant, 2013: p. 13), with the purpose “to 

combat information overload, find critical information more efficiently, push time-sensitive 

information to decision-makers, utilize staff more effectively, and organize knowledge for rapid 

retrieval and reuse” (Bose, 2002: p. 43). However, current literature concludes that there is “no 

single software application” covering all aspects of knowledge management (Piccoli and Pigni, 

2018: p. 64). 

1.3 The topic of this thesis 

The previous sections outlined the difficulties of experimental work and insinuated a need for 

assistance systems, which alleviate problem solving and support creative thinking in 

biomedical research. At the core of the problems is information, which serves as input to 

expand knowledge (see section 1.1). The irony is that, on the one hand, there is an exploding 

amount of knowledge, while, at the same time, that amount of knowledge is also a limiting 

factor because of humans’ incapability to manage it (see section 1.2) (Pijpers, 2010).  

The topic of this research are solutions of assistance systems which have the goal to mitigate 

that “knowledge problem” and other challenges of experimental work directly at the bench in 

wet labs of biomedical research organizations, with a focus on researchers who execute 

experiments alone. 

Recent concepts of assistance systems, as for example electronic performance support 

systems (EPSS), which were designed for repetitive work in production, represent solutions 

for overcoming the limitations in accessing knowledge. Learning is considered inefficient, if 

employees have to learn everything in advance in trainings, because humans tend to retain 

information only if needed immediately (Gery, 1991; Nguyen, 2005: p. 33). The principle of 

EPSS circumvents that problem by providing individualized information in small amounts, 

when and where it is needed, i.e. on the job (Gery, 1991; Raybould, 1991; Chase, 1998; 

Chroust, 2000: p. 378). 

An example for the EPSS concept is a HUB Maintenance platform designed by Yonekawa 

(2008). It enables storage and retrieval of explicit knowledge, which allows workers to solve 

problems themselves. The system even offers tacit knowledge, since expertise via remotely-

connected web browsers or databases can be consulted (Yonekawa, 2008). 

Another example for the implementation of EPSS principles is the self-learning assistance 

system for processing machines (SAM) developed by the Fraunhofer Institute for Process 
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Engineering and Packaging IVV (Fraunhofer to exhibit two processing machinery systems at 

interpack 2017, 2017; Fraunhofer Institute for Process Engineering and Packaging IVV, 2018; 

Fraunhofer Institute for Process Engineering and Packaging IVV, n.d.). In general, the length 

of machine downtimes depends on the experience of operators trying to find a solution for the 

problem. The purpose of SAM is to reduce such downtimes by combining machine learning 

with human experience. SAM observes machine states and operator actions and saves 

successful solution strategies in a database. In case of a recurrent error state, SAM links the 

fault situation with inputs from previous machine operators, and eventually supports the 

operator by providing hints on how to solve the problem (Fraunhofer to exhibit two processing 

machinery systems at interpack 2017, 2017; Fraunhofer Institute for Process Engineering and 

Packaging IVV, 2018; Fraunhofer Institute for Process Engineering and Packaging IVV, n.d.). 

Assistance systems, like the SAM, are conceived for standardized and optimized processes in 

production facilities. However, in R&D, where experimental work defines the daily routine of 

scientists, assistance systems developed for repetitive work are less applicable. Experiments 

are designed and performed to address specific scientific questions, which often involves 

iterations of optimization (Assmus et al., 2006: p. 894; Chao et al., 2017). 

1.4 The objective of this research 

According to the literature, general managers need to have profound knowledge about 

technological and managerial trends in order to recognize opportunities and make prudent 

decisions on information technology-based strategic initiatives. Different technologies entail 

advantages and disadvantages and consequently carry potential risks, if introduced in 

organizations. It is the responsibility of general managers to maximally exploit advantages of 

strategic initiatives, while keeping risks to a minimum (Piccoli and Pigni, 2018: p. 2-24). 

Based on this rationale, the purpose of this thesis is to provide a juxtaposition of recent 

technological trends and innovations in assistance systems for experimental work in 

biomedical research and discuss organizational challenges and risks, if they would be 

implemented in strategic initiatives. 
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The research of this thesis addresses the following research questions: 

(1) Which types of assistance systems for biomedical research exist? 

(2) Which specific problems in wet labs do the identified assistance 

systems try to mitigate? 

(3) Which advantages do the reviewed assistance systems promise to 

research organizations? 

(4) Which organizational challenges and risks should be expected, if the 

reviewed assistance systems were implemented? 

These research questions basically define two objectives of this thesis. 

The first objective is to identify and comprehensively review concepts of laboratory 

assistance systems, which were designed during the last decades or are currently in 

development. 

For example, traditional safety goggles which may be obligatory when handling liquids could 

be easily replaced by smartglasses (Noone, 2002: p. 34; Piccoli and Pigni, 2018: p. 325). The 

advantage of smartglasses is that researchers could receive digital data based on the 

principles of augmented reality (Piccoli and Pigni, 2018: p. 325, 330-332). If such smartglasses 

have a wireless connection to an information system with machine learning capabilities or 

artificial intelligence, they could conceivably assist researchers by visually providing hints, e.g. 

when handling a host of samples which must not be mixed. If one integrates voice recognition 

interfaces and audio-visual capabilities with smartglasses, researchers could even access 

information on working steps of a protocol in a hands-free manner without the need to interrupt 

their work on the bench (Scholl et al., 2015a; Cambre et al., 2019; HelixAI, n.d.). Acquired 

information could be stored in data repositories accessible to all employees within an 

organization or linked to electronic laboratory notebooks (eLNs) which promise various 

advantages over paperbound laboratory notebooks (pLNs) (Goddard et al., 2009: p. 3-4; 

Rubacha et al., 2011; Bird et al., 2013: p. 8169). 

The second objective is to evaluate the reviewed concepts by consulting previous 

studies or considering conceivable pitfalls. The evaluation will be completed by providing 

a discussion about hypothetical systemic effects (positive and negative) on typical biomedical 

research organizations or individual laboratories and inherent managerial risks, if the 

assistance systems were implemented. For this purpose, the framework of the sociotechnical 
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theory of formal, organizational information systems will be consulted (Piccoli and Pigni, 2018: 

p. 28-31, p. 40-42). 

According to the sociotechnical theory, a formal, organizational information system, which is 

an information system fulfilling organizational needs, can be downscaled into the four 

components “Technology”, “Process”, “People”, and “Structure”. The “People” and “Structure” 

components define the “Social” subsystem of information system, which contains the human 

elements, i.e. the people and their characteristics, like skills and motivation, and the interaction 

with each other. On the other side, the combination of the “Technology” and “Process” 

components determine the “Technical” subsystem (Figure 1) (Piccoli and Pigni, 2018: p. 28-

31). In this context, an assistance system in biomedical research would represent the 

“Technology” component of an information system needed to fulfill experimental lab work. 

 

Figure 1. The four-component representation of a formal, sociotechnical, organizational 

information system according to the sociotechnical theory. Source: (Piccoli and Pigni, 2018: p. 

29) 

According to the sociotechnical theory of information systems, formal information systems can be 

divided into a “Social” and “Technical” subsystem. The “Social” subsystem consists of the “People” and 

the “Structure” components, which contain the human elements. The “Technical” subsystem comprises 

the “Process” and “Technology” components, which contain the non-human elements of the complete 

information system. (Piccoli and Pigni, 2018: p. 28-31) 
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If a novel “Technology” component, i.e. assistance system, is introduced into an established 

information system, three types of systemic changes may occur, “First-”, “Second-”, or “Third-

Order” changes, which require different managerial considerations (Piccoli and Pigni, 2018: p. 

40-42). 

• A “First-Order” change is the simplest form of change, because only the “Technology” 

and the “Process” components are affected (Figure 2A) (Piccoli and Pigni, 2018: p. 40). 

For example, the introduction of a more powerful computer or software will leave the 

process itself unchanged but enhances its efficiency. Consequently, less managerial 

risk is at play (Piccoli and Pigni, 2018: p. 40). 

• In a “Second-Order” change, also the “People” component being in touch with the 

“Technology” and the “Process” components is affected (Figure 2B) (Piccoli and Pigni, 

2018: p. 40 f.). For example, people working with a newly introduced software program 

may require special training so that they have the needed skills to use it. Since people 

have a natural “resistance to change” (Dent and Goldberg, 1999; Piccoli and Pigni, 

2018: p. 32), “Second-Order” changes are linked to higher risk that the decision for the 

newly implemented technology will be a failure, when compared to “First-Order” 

changes (Piccoli and Pigni, 2018: p. 40 f.). 

• A “Third-Order” change involves all four components of an information system (i.e. the 

“Technology”, “Process”, “People”, and “Structure”) because the technological change 

will affect also the “Structure” component (Figure 2C) (Piccoli and Pigni, 2018: p. 41 f.). 

For example, reporting lines may become redundant after the introduction of a new 

communication technology, which eventually would lead to decisions for flatter 

hierarchies. In such scenarios, people likely lose their jobs and destabilizations in the 

management levels because of political battles may occur (Piccoli and Pigni, 2018: p. 

41 f.). Accordingly, “Third-Order” changes involve the highest risk of systemic failure 

(Piccoli and Pigni, 2018: p. 41 f.). 
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A   

 

B 

 

C 

 

Figure 2. The three possible systemic changes after the implementation of a novel technology 

according to the sociotechnical theory of information systems. Source: (Piccoli and Pigni, 2018: 

p. 40-42) 

A) “First-Order” change. Only the “Technology” and “Process” components of the “Technical” subsystem 

are affected by the introduction of a new technology (Piccoli and Pigni, 2018: p. 40).  

B) “Second-Order” change. In addition to the entire “Technical” subsystem, a newly integrated 

technology affects also the “People” component (Piccoli and Pigni, 2018: p. 40 f.).  

C) The “Third-Order” change. The implementation of a novel technology has systemic effects on the 

entire information system, including all four components (Piccoli and Pigni, 2018: p. 41 f.). 
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1.5 Literature research as primary method 

The first objective is the identification and reviewing of technological and software innovations, 

which were designed for the purpose of assisting biomedical researchers at experimental work. 

The primary tool for achieving this objective was an in-depth literature research, involving 

technological publications or other electronic sources describing the underlying concepts. The 

review focuses were, if applicable, on prototypic solutions or available products, which 

emerged during the last two decades. However, this review does not provide profound 

technical descriptions but describes the principles of assistance systems for biomedical 

research. The goal was to depict innovative trends of technological and software solutions and 

outline their potential to enhance biomedical research. 

The second objective is the evaluation of the reviewed technological innovations. The focus of 

this evaluation is to gauge the advantages, challenges and risks of the technical solutions, if 

they were implemented in research organizations. For this purpose, previous publications 

showing results of evaluating studies with volunteers who tested the reviewed solutions served 

as primary source. If not applicable, publications of studies testing comparable solutions were 

consulted. 

A practical evaluation of the reviewed technological innovations or assistance systems which 

may be in use by research organizations was not included in this research. The reason were 

limited opportunities to acquire data (for example non-available contacts to interviewees during 

the time of the COVID19 pandemic), which would allow meaningful insights. 
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2 Recent Innovations of Laboratory Assistance 

This chapter provides a detailed overview of recent innovations to improve experimental work 

in biomedical research. The review focuses on concepts which have been conceived during 

the last two decades. The technologies or information systems, which are presented in an 

exemplary fashion, either have been translated into available products or remained prototypes. 

2.1 Automation of standardized processes 

The term “automation” refers to the execution of processes “with only minimal involvement of 

an analyst” (Hawker et al., 2017: p. 370.e1). In laboratories, automation of standardized 

technical processes is a form of assistance because it improves the turnaround time (Berry, 

2006; Hawker et al., 2017; Genzen et al., 2018: p. 259), which can be understood as the “time 

from ‘order to result’” (Berry, 2006) or “the time it takes to process each sample or run” (Hawker 

et al., 2017: p. 370.e23). Automation of repetitive work also reduces “variability of results and 

errors of analysis” (Hawker et al., 2017: p. 370.e1). For example, the trypan blue exclusion 

method for the determination of cell culture viabilities is a standard technique, which has been 

(partially) automatized (Cadena-Herrera et al., 2015). Isolated samples of cell cultures are 

stained with trypan blue dye and observed with a light microscope to count viable cells. Dead 

cells appear as blue balls, whereas viable cells having functional membranes, which actively 

force the trypan blue dye out of the cell interior, remain unstained (Strober, 2015: p. A3.B.1). 

The process of counting dead (or viable) cells with a microscope is time-consuming and 

inaccurate, which limits the sample throughput and reproducibility of results. Since this 

methodology is widely considered a standard to count cell viability, machines have been 

developed, which automatically execute the counting process (Louis and Siegel, 2011; 

Cadena-Herrera et al., 2015). 

Another example are various mobile applications, which were designed to enhance or 

completely automatize standard methodologies. Modern mobile devices, such as smartphones 

or tablets, have built-in sensors or communication tools, like Bluetooth or Wi-Fi, which allow 

apps to remotely control connected laboratory equipment (Gan and Poon, 2016). These 

technological trends promote the current pervasion of the “Internet of Things” in laboratories 

(Perkel, 2017). 

Some other mobile applications use the built-in camera of mobile devices to execute processes 

which, are commonly done manually (Gan and Poon, 2016). For example, the recently 

published app, “TCI colony counter”, applies the integrated camera of typical smartphones for 
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automated counting bacterial colonies on agar plates and calculating colony-forming units per 

milliliter culture volume, which is time-consuming and error-prone, if done manually (Figure 3) 

(Austerjost et al., 2017). Previously, laboratory machines were already devised for automatic 

colony counting (Brugger et al., 2012). However, bulky equipment is obviously less handy than 

smartphones. Therefore, mobile applications similar to colony counter apps entail even the 

potential to replace outdated laboratory equipment (Gan and Poon, 2016). 

 

Figure 3. The principle of a mobile application which enables automatic counting of bacterial 

colonies on agar plates. Source: (Austerjost et al., 2017: p. 962) 

A) The user can either choose a previously saved photo of an agar plate or take a new one with the 

built-in camera. B) Then, the user enters the dilution factor and volume of the plated bacterial culture. 

C) The image processing, including colony-counting and calculation of colony-forming units, is server-

based. The image to be processed is uploaded via a Wi-Fi or a mobile data connection to a remote 

server on the Internet, and results are sent back to the local mobile app. D) The application summarizes 

the results. E) The application restarts after successful image-processing or if no valid image was 

recognized. (Austerjost et al., 2017) 
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Automation is also advantageous in liquid-handling. The number of samples, which can 

manually be pipetted with acceptable precision, is limited; besides, manual pipetting is time-

consuming and error-prone. Consequently, the implementation of liquid-handling robots are 

increasingly considered in the development of sophisticated high-throughput assays in 

molecular biology and related fields (Chapman, 2003; Gaisford, 2012; Griffith et al., 2012; 

Kong et al., 2012). 

Today, pipetting robots for full automatization of entire liquid-handling processes are 

commercially available (Chapman, 2003; Hamilton, n.d.; Tecan Trading AG, n.d.). Even though 

automated pipetting systems unquestionably increase efficiencies and validities of 

standardized biomedical assays and are thus more cost-efficient, compared to manual 

pipetting processes, full automatization of liquid-handling may be difficult to implement in 

experimental workflows, which often involves iterations of optimization (Assmus et al., 2006: 

p. 894; Chao et al., 2017). The reason is that knowledge of exact parameters is required for 

automation, which explains why this form of assistance is more applicable to standard 

protocols (Whitehead et al., 2018). Another reason is that users, i.e. biomedical researchers, 

may need proper training in programming of automatization protocols (Ortiz et al., 2017; 

Whitehead et al., 2018).  

The implementation of automation as assistance of experimental work is advantageous, if fully 

established protocols need to be repeatedly and reliably executed. In case of typical 

experimental work, like the development of protocols from scratch or optimizations of existing 

conditions, different concepts of support systems are likely more advantageous. 

2.2 Towards ubiquitous assistant systems 

The most fundamental problem, which inspires the design of assistance systems for 

experimental work, is the need of researchers to access and produce information at distributed 

locations. In traditional laboratories, for example, researchers use various equipment spread 

throughout the lab, while information required to plan and execute them is often collected at 

different locations. Besides, researchers are supposed to keep detailed minutes of their own 

work in laboratory notebooks, as for example for purposes of reproducibility, which demands 

substantial mental effort (see sections 2.3). In other words, experimental work in traditional 

laboratories is not as efficient as it could be. 

The problem of natural barriers between different sources and repositories of information has 

been addressed by an electronic assistant system, which is based on the concept of ubiquitous 
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computing. The term “ubiquitous computing” was first introduced by Weiser (1991: p. 94). It 

was his vision of computers becoming so natural in people’s everyday life that they take 

computers as granted and are even no longer aware of them. In other words, “ubiquitous 

computing” is the idea that computers permanently blend into people’s environments to serve 

them (Weiser, 1991). In the context of laboratories, the concept of ubiquitous computing 

represents a solution to generate and access needed information wherever needed. This 

rationale is the basis of the Labscape application which enables users to access and attach 

digital data files to their electronic protocols at multiple locations in the lab (Arnstein et al., 

2002a). 

Labscape is a tool to establish “sample flow-graphs (SFG)” (Arnstein et al., 2002a: p. 16). 

SFGs are “abstractions” of workflows which display complete sequences of experimental 

procedures with individual compounds and operations as icons (Figure 4) (Arnstein et al., 

2002a: p. 15-17; Arnstein et al., 2002b: p. 31). 
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Figure 4. Sample flow-graph of an exemplary polymerase chain reaction as displayed by the 

Labscape application. Source: (Arnstein et al., 2002a: p. 16) 

The polymerase chain reaction (PCR) is a standard method in molecular biology for amplifications of 

specific DNA sequences from DNA samples containing DNA (Garibyan and Avashia, 2013: p. 1). The 

depicted sample flow-graph (SFG) is equivalent to a schematic of a typical PCR workflow. Chemicals 

 required for the PCR are mixed , i.e. buffer, MgCl2, dNTPs, primers (which serve for specific 

amplification of the target DNA), enzyme (DNA polymerase), and water. A defined volume of the PCR 

mix  is subsequently combined  with DNA sample . Then, the PCR is incubated ; parameters 

for the entire PCR are variable and optimized for specific DNA amplifications. PCR product  is mixed 

 with DNA dye  and applied to electrophoretic separation  in agarose gels. Eventually, separated 

DNA amplicons are visualized by exposure to ultra-violet and photos are taken . (Arnstein et al., 

2002a: p. 16; Garibyan and Avashia, 2013) 

Researchers can plan their experiments by preparing or modifying existing SFGs using either 

personal or touch-sensitive tablet computers. The idea of Labscape’s ubiquitous support 

throughout the laboratory presumes that computing devices are installed at several locations 

in the laboratory (Figure 5) (Arnstein et al., 2002a: p. 17). 
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A 

 

B 

 

Figure 5. The Labscape sample-flow graphs can be accessed with tablet computers. Sources: 

(Arnstein et al., 2002a: p. 17; Borriello, 2006: p. 46) 

A) The principle of Labscape to provide ubiquitous support in laboratories presumes installations of 

computing devices compatible with Labscape (e.g. touch-sensitive tablets) at multiple work areas 

(Arnstein et al., 2002a: p. 17). B) A screen of a touch-sensitive tablet computer displaying a Labscape 

sample-flow graph (Borriello, 2006: p. 46) 

The Labscape principle promises several advantages to researchers in the course of entire 

experiments. When preparing experiments, researchers usually take notes of experimental 

parameters, like volumes to be pipetted. Since preparation of handwritten notes involve mental 

effort, they tend to keep phrases as concise as possible and to a minimum. Therefore, 

handwritten notes are usually difficult to share with others and likely miss quality 

recommendations for final documentation in laboratory notebooks. Besides, paper notes 

placed on the work bench occupy precious workspace and carry the risk of contamination, 

which could jeopardize experimental outcomes (Arnstein et al., 2002a: p. 18 f.). 

The concept of Labscape circumvents those limitations of paper-bound notes, because SFGs 

provide comprehensible overviews of workflows which are directly accessible at work benches 

in laboratories (Arnstein et al., 2002a: p. 17). In addition, Labscape allows attachment of data 

files to icons in SFGs (Figure 4), which is a functionality that aims to make working and 

reporting documents indistinguishable (Arnstein et al., 2002a: p. 19). In fact, Labscape is 

considered to supplement paper laboratory notebooks (Schraefel et al., 2004: p. 26). 
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It has to be mentioned that the design of Labscape was published almost two decades ago in 

2002 (Arnstein et al., 2002a). Accordingly, the original idea of running the Labscape application 

on multiple, stationary computing devices distributed throughout the lab may be outdated. 

Nowadays, touch-sensitive smart devices are widely distributed and the computerization of 

modern devices and their high interconnectivity, which is known as the “Internet of Things”, is 

on the rise (Lee and Lee, 2015; Piccoli and Pigni, 2018: p. 320-323; Pew Research Center, 

2019). This trend is even observable in laboratories (Perkel, 2017).  

Labscape shows the beginning of the pervasion of ubiquitous computing in laboratories 

because it was designed to provide information to researchers “when and where” it is needed 

(Consolvo et al., 2002: p. 77). Its concept is similar to the previously mentioned principle of 

electronic performance support systems (EPSS) (see section 1.3) (Gery, 1991; Raybould, 

1991; Chase, 1998; Chroust, 2000: p. 378). 

2.3 The revolution of electronic laboratory notebooks 

In R&D, there is a need to keep records of work, which basically involves recording and storing 

of data according to underlying standard operating procedures designed to assure good 

laboratory practice. Such disciplined work eventually supports further planning of experiments 

by providing an overview of results, which eases the search of errors, promotes thought 

processes, enables communication, and legally binds and protects intellectual properties (Bird 

et al., 2013: p. 8157-8160; Kanza et al., 2017: p. 1 f.). 

The primary tool for that purpose are lab notebooks (LNs). Originally, paperbound laboratory 

notebooks (pLNs) were applied at all steps of documentation, from recording raw data via data 

analysis through to making hypotheses. However, technological advancements changed the 

way of data processing since data are increasingly recorded and stored as digitally coded data. 

This trend towards digitalization, also initiated novel ideas to keep laboratory notebooks. 

However, there is a barrier between paper-bound and digital information (Kanza et al., 2017: 

p. 1; Gerlach et al., 2019: p. 257-261). The aforementioned Labscape application is an 

example of technologies which aim to supplement pLNs (see section 2.2) (Schraefel et al., 

2004: p. 26). 

Further concepts to augment pLNs were translated into prototypes, as for example, the idea 

to capture handwritten notes in real-time by a tablet interface placed underneath the sheet of 

paper. In addition, displayed command menu provides additional functionalities which augment 

the recording of handwritings (Figure 6A). One of those functionalities allows the user to link 
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information with external sources. For example, when the device was connected to a computer 

network, the user can access an external data source by underlining a handwritten web 

address (Figure 6B) (Mackay et al., 2002: p. 44 f.). 

A 

 

B 

 

Figure 6. A tablet prototype to augment paper notebooks. Source: (Mackay et al., 2002: p. 44) 

A) Capturing handwritten notes in real-time. The user writes on a sheet of paper using an ordinary ink 

pen, while a tablet surface underneath detects and translates the pen’s ink into digital notes. In addition, 

the tablet surface augments the sheet of paper with a command menu displayed to the right (Mackay et 

al., 2002: p. 44 f.). B) An example of augmenting handwritten note: underlining a handwritten web 

address establishes a connection to the respective external data source (Mackay et al., 2002: p. 44 f.). 

The tablet prototype was further developed to the a-book prototype (“augmented notebook”) 

(Mackay et al., 2002: p. 46). The a-book system applies a personal digital assistant (PDA) with 

an interaction lens and a mouse sensor. The integration with a PDA was inspired by the need 

to have an opportunity to carry paper-less notes to laboratories, which are subject to biohazard, 

similar to the goal of Labscape to eliminate paper-bound notes from lab benches because of 

contamination risks (see section 2.2). The interaction lens scans the underlying paper surface, 

which is displayed on the PDA’s screen, and the mouse sensor tracks the position of the 

visualized section and its orientation on the original page. Using a touchpad stylus, the user 

can interact with the screen to highlight handwritten notes and apply additional functionalities 

(Figure 7A). For example, digital information can be added, including links to external 

resources, simple annotations or tags to track physical objects, like animals or samples (Figure 

7B) (Mackay et al., 2002: p. 46-49). 
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A 

 

B 

 

Figure 7. The a-book prototype is a derivative of the Tablet prototype and integrates a personal 

digital assistant (PDA). Source: (Mackay et al., 2002: p. 46 f.) 

A) The PDA captures handwritten notes with an integrated interaction lens and displays the digitalized 

information on its screen. The user interacts with the screen with a touchpad pen. B) The user can 

highlight selected notes for augmentation with digital information. (Mackay et al., 2002: p. 46-49) 

The shortcoming of the a-book solution is the need of multiple components, i.e. a tablet 

surface, a PDA and a compatible touchpad stylus, not to mention an ordinary ink pen (Mackay 

et al., 2002: p. 46-49). Other solutions, which were later published, simplify the digitalization of 

handwritten notes by applying Anoto styli with an integrated camera to capture the stylus’ (pen) 

movement in real-time (Costa-Cunha and Mackay, 2003; Yeh et al., 2006; Tabard et al., 2008; 

Anoto Group AB, n.d.). 

The Anoto stylus-based Butterfly system is a mobile laboratory notebook. Captured 

handwritings are stored in an internal memory of the Anoto stylus, which can later be uploaded 

to a computer (Yeh et al., 2006: p. 573). This redundancy in capturing handwritings and 

scribbles (paperbound notes written in ink and storage of a digital version in the stylus’ internal 

memory), particularly focuses on the needs of field biologists who acquire heterogenous data 

outside of laboratories, like “handwritten notes, digital photos, audio, video, sensor readings, 

GPS data, and physical specimens” (Yeh et al., 2006: p. 572). Even though Butterfly 

represents a leap forward in integration of heterogenous data, its functionalities exceed 

biomedical researchers. Experimental work in laboratories has rather a strong need of 

accessibility to shared data. Therefore, the Anoto stylus-based Prism system which focuses 

more on data sharing rather meets the needs of biomedical researchers (Tabard et al., 2008). 

The need of facilitated data sharing and the aforementioned technological advancements in 

digital data processing also inspired ideas of designing (pure) electronic laboratory notebooks 
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(eLNs) (Schraefel et al., 2004; Kanza et al., 2017; Gerlach et al., 2019). In contrast to the 

Labscape application or paper/electronic-hybrid LNs which aim to supplement pLNs, eLNs 

intend to completely replace pLNs (Schraefel et al., 2004: p. 26). eLNs are enterprise software 

applications (Nehme and Scoffin, 2006: p. 217), which means that they “span (all) 

organizational functions and rely on one database at the core” (Piccoli and Pigni, 2018: p. 56, 

p. 91). Consequently, they promise various advantages over pLNs, for example facilitated data 

sharing and simplified retrieval and traceability of stored data, which all contribute to improved 

reproducibility of experiments (Butler, 2005: p. 20 f.; Nehme and Scoffin, 2006: p. 209-221; Du 

and Kofman, 2007: p. 161 f.; Machina and Wild, 2013: p. 266 f.; Kanza et al., 2017: p. 1). Some 

recent eLNs use cloud-based storage systems (Guerrero et al., 2016) or are available as cloud 

services (Riley et al., 2017), which are, beyond other advantages (see section 3.3), highly 

interesting aspects from an organizational point of view (Piccoli and Pigni, 2018: p. 83-87). 

Currently, Microsoft OneNote seems to be one of the most advanced eLNs, since it best 

exploits the potentials of eLNs. Compared to other available eLNs, OneNote meets multiple 

needs of researchers. Its broad spectrum of functionalities allows a high adaptability in terms 

of experimental design and compatibility with various types of files, which facilitates data 

sharing and eases the search for specific information in different resources. It also reaches a 

wide range of users because it is accessible with the most common operating systems, i.e. 

Windows, Mac and Linux, or available as a Web-based version. The most interesting feature 

over other eLNs is OneNote’s connectivity between smart devices, like common tablets and 

smartphones, and even more recent smartglasses and smartwatches, which allows optimal 

integration of mobile technologies to record and access data. For example, a touchpad stylus 

can be used to enter data into a tablet, while the data can later be visualized on the screen of 

a smartwatch (Figure 8) (Guerrero et al., 2016; Guerrero et al., 2019). 

The screenshots in Figure 9 show examples of data which can be accessed with OneNote and 

visualized on an Apple Watch screen (A-C). In addition, the smartwatch offers a standard timer 

(D) and a chronometer (E) functionality (Guerrero et al., 2016). 
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Figure 8. Microsoft OneNote supports connectivity between various types of smart devices. 

Source: (Guerrero et al., 2019: https://doi.org/10.1371/journal.pcbi.1006918.g003) 

Individual users can access OneNote with common mobile devices, like smartphones and tablet, and 

wearable devices, like smartglasses and smartwatches. The facilitated connectivity integrates features 

of different devices (Guerrero et al., 2019). 

 

Figure 9. Microsoft OneNote accessed with Apple Watch. Source: (Guerrero et al., 2016: 

https://doi.org/10.1371/journal.pone.0160428.g003) 

A) An exemplary screenshot of the Windows version of OneNote showing a protocol called “Thawing 

Frozen Cells” inside a user’s list of protocols called “Protocols Apple Watch”. B) The list of protocols 

“Protocols Apple Watch” and C) the protocol “Thawing Frozen Cells”, as visualized by the Apple Watch 

screen. D) Timer and E) chronometer functionalities of the Apple Watch (Guerrero et al., 2016). 
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Industry regulations originally slowed down the development of eLNs, because eLNs were 

differently regulated than pLNs. Only after the turn of the millennium, novel regulations put 

eLNs under the same regulations as pLNs which eventually paved the way for the development 

of eLNs (Nehme and Scoffin, 2006: p. 212; Rubacha et al., 2011: p. 90). Nevertheless, eLNs 

still seem to face oppositions and as a result, their implementation is considered “overdue”, 

especially in academia (Dirnagl and Przesdzing, 2016: p. 3; Kanza et al., 2017). 

Electronic LNs have typical properties of disruptive technologies (Piccoli and Pigni, 2018: p. 

129-131). Firstly, they offer different sets of attributes than pLNs. Secondly, those attributes 

have higher performance improvement rates than those of pLNs, because advancements in 

IT development also push improvements of eLNs (Piccoli and Pigni, 2018: p. 129-131). 

Nevertheless, pLNs still exist as the last “paper component” in labs (Kanza et al., 2017: p. 1), 

even though the market of eLNs is considered “oversaturated” (Kanza et al., 2017: p. 2). 

Consequently, the higher performance improvement rates of eLNs, do not yet meet the 

demands on current markets (Piccoli and Pigni, 2018: p. 129-131). Only when entire target 

customer bases demand the performance improvement rates of eLNs one day, pLNs will 

eventually be history. For example, one problem, which still demands a feasible technical 

solution before market needs change in favor eLNs, is the barrier “between wet lab and write-

up areas” (see section 2.4) (Echtler et al., 2010). 

2.4 Breaking the barrier between lab and office space 

In a simplified view, experimental work in biomedical research is an iterative cycle of planning, 

executing and analysis. These activities are usually performed at different locations. 

Experiments may be planned in office areas, executed in laboratories, and acquired data 

analyzed again in office areas (Figure 10) (Tabard et al., 2011: p. 202, p. 206). Consequently, 

biomedical researchers have to face the “physical separation between wet lab and write-up 

areas” at least twice when carrying out a single experiment (Echtler et al., 2010: p. 3440). 
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Figure 10. The activities of a typical “experimental cycle”. Source: (Tabard et al., 2011: p. 206) 

Experiments are executed in laboratories (white box), while activities involved in preparation and data 

analysis are performed outside of laboratories (grey boxes) (Echtler et al., 2010: p. 3440; Tabard et al., 

2011: p.202, p. 206). 

If information technology solutions cannot overcome the “separation” between laboratories and 

office space, paper-bound notes and pLNs will remain in biomedical research laboratories 

(Myers et al., 1996: p. 47; Echtler et al., 2010: p. 3440; Tabard et al., 2012: p. 3051). The 

simplicity of creating and accessing paper-bound notes, compared to the dependency of eLNs 

on electronic equipment for creating and accessing digital information, undermines the 

potentials of eLNs, which are IT-dependent information systems, to improve organizational 

efficiencies (Kanza et al., 2017: p. 5; Piccoli and Pigni, 2018: p. 44). 

Microsoft OneNote, which allows high connectivity between different types of smart devices, 

is a solution, which has the highest potential to render paper completely redundant. Especially, 

the opportunity to access OneNote with a wearable smartwatch, like the AppleWatch, enables 

researchers to view protocols and other information while working at the lab bench (Guerrero 

et al., 2016; Guerrero et al., 2019). However, the missing pieces for full digitalization are the 

opportunities to generate and immediately input data into eLNs and to retrieve auxiliary 

information from both internal and external resources directly while performing tasks (see 

section 1.2). Therefore, technological devices, which offer these features and allow integration 

with eLNs, have the potential to eventually eliminate paper notes in laboratories. The recent 

emergence of tabletops could represent such technological trend. One of the first tabletop 

systems which were conceived to support molecular biological research were G-nome Surfer 

(Shaer et al., 2010) and BioTISCH (Echtler et al., 2010). 

G-nome Surfer focuses on needs in bioinformatical research. It has the purpose to streamline 

and mitigate efforts in bioinformatics research by facilitating access to gene databases and 

works with “heterogenous genomic information” (Shaer et al., 2010: p. 1431). Its design, which 

allows multiple individuals to interact with the tabletop screen, also promotes collaborative 
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work (Shaer et al., 2010). Therefore, G-nome Surfer was later advanced to G-nome Surfer 2.0 

which is optimized for collaborative teaching of students (Shaer et al., 2011). 

 

Figure 11. G-nome Surfer 2.0 was conceived for collaborative learning purposes. Source: (Shaer 

et al., 2011: p. 2817) 

Two students interact with the surface of the tabletop system in a collaborative manner (Shaer et al., 

2011: p. 2817). 

Applying tabletop technologies for learning purposes is also interesting for the field of 

chemistry, where, in contrast to bioinformatics, safety aspects need to be considered. Two 

examples of tabletop prototypes designed for chemical lab exercises are the A3 (A-CUBE) 

(Sokan et al., 2010) and the CheMO (Song et al., 2011). 

Different than G-nome Surfer, BioTISCH was primarily inspired by difficulties and needs of 

experimental work in molecular biological research, especially the aforementioned problem of 

the “physical separation between wet lab and write-up areas” (Echtler et al., 2010: p. 3440). 

Researchers have developed their own habits to deal with this problem. Taking handwritten 

notes and bring them to the lab still seems to be the simplest solution. However, paper-bound 

notes inherit substantial limitations, for example the risks of contamination or ambiguous 

interpretation of short phrases by others; most of all, sheets of papers occupy precious 

workspace (Figure 12) (see section 2.2) (Arnstein et al., 2002a: p. 18 f.). In addition, some 

researchers may write directly on the surfaces of work benches using removeable markers 
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(Figure 12A) (Echtler et al., 2010: p. 3440 f.), while some others may put even laptops onto 

work benches (Figure 12B) (Tabard et al., 2011: p. 202 f.). 

A 

 

B 

 

Figure 12. Examples of typical wet lab work benches. Sources: (Echtler et al., 2010: p. 3440; 

Tabard et al., 2011: p. 203) 

Next to occupying space on work benches with paper-bound notes, some researchers may write directly 

on the surface with removable markers (Echtler et al., 2010: p. 3440 f.) (A), while others may place 

laptops on work benches (Tabard et al., 2011: p. 202 f.) (B). 

These habits, which obviously compromise efficiencies in biomedical research, reflect modern 

needs of experimental work. Especially, the use of computers on the work bench shows that 

“[t]he experimental cycles keeps evolving” with advances in information technological trends 

(Tabard et al., 2011: p. 202). Researchers may need to switch “back and forth between 

laboratory and office work” in order to access various digital resources (Tabard et al., 2011: p. 

202). In other words, the workflow of the experimental cycle is bidirectional (Tabard et al., 

2012: p. 3053). However, the use of laptops or other computing devices not only occupies 

workspace on lab benches, but may even be infeasible ins some situations. For example, 

regulations might limit the use of equipment assigned for wet lab space to the interior of 

laboratories because of potential biohazard risks when transported to the outside or risks of 

contamination of lab space when brought from the exterior (Arnstein et al., 2002a: 18 f.; Echtler 

et al., 2010: p. 3440; Tabard et al., 2011: p. 202). 

BioTISCH addresses these problems. It is an interactive display and workbench at the same 

time (Figure 13). The underlying hard- and software infrastructure is called TISCH which 
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stands for “Tangible Interactive Surfaces for Collaboration between Humans” (Echtler et al., 

2008: p. 389; Echtler and Klinker, 2008; Echtler et al., 2010). 

 

Figure 13. A researcher interacting with the surface of the BioTISCH tabletop surface. Source: 

(Echtler et al., 2010: p. 3441) 

The BioTISCH workbench integrates the function of a traditional workbench and a giant touchscreen 

visualizing information required for experimental work (Echtler et al., 2010). 

As a prototype, BioTISCH is specialized in supporting primarily subcloning procedures in 

molecular biology (Echtler et al., 2010: p. 3441-3443). The principle of subcloning is an old but 

powerful technique for specific gene expression, which has been exploited and optimized for 

various purposes during the las fifty decades. In very simple terms, subcloning is the 

introduction of specific DNA sequences into circular DNA (plasmids) (Jackson et al., 1972; 

Hoseini and Sauer, 2015). The traditional subcloning approach involves multiple working steps 

of mixing and incubation of DNA samples and enzymatic and other chemical reagents 

(Donoghue and Hunter, 1982). In modern times, bioinformatics tools are used to plan 

subcloning procedures and analyze recombinant DNA products by visualization of plasmids 

and all its DNA sequence features, including possible sites for external DNA introduction and 

other relevant information. BioTISCH enables the user to visualize such plasmid maps. In 

addition, BioTISCH guides the user through the protocol by highlighting current steps. As an 
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interactive tabletop system, BioTISCH offers protocols to be digitally manipulated directly at 

the bench, using a virtual calculator with an inserted keyboard for recalculation of 

concentrations and volumes of reagents to be pipetted (Figure 14) (Echtler et al., 2010: p. 3441 

f.). The BioTISCH user interface also includes virtual reagent sensors which act as reserved 

positions for reagents needed during the active protocol (Figure 13 and Figure 14). If a current 

step requires working with specific reagents, the reagent sensor will highlight the needed 

reagents. Assistance through highlighting shall reduce the risk of accidently picking the wrong 

reagents (Echtler et al., 2010: p. 3442). 

 

Figure 14. A screenshot of the BioTISCH user interface. Source: (Echtler et al., 2010: p. 3442) 

Top left: virtual reagent sensors. Bottom left: virtual calculator. Middle: plasmid map. Bottom right: 

current working step of an active protocol. (Echtler et al., 2010: p. 3442) 
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The publication of the BioTISCH concept demonstrated the potentials of applying tabletop 

systems in experimental research laboratories, but left room for improvements (Echtler et al., 

2010: p. 3443; Tabard et al., 2011: p. 203). Tabard et al. (2011: p. 203 f.) studied work habits 

of molecular biologists. Based on their observations, they defined six features which should be 

integrated or considered in the design of a successful tabletop system: 

• provide access to digital resources needed to execute experiments  

(Tabard et al., 2011: p. 203 f.), 

• provide the ability to record and store data in digital formats  

(Tabard et al., 2011: p. 203 f.), 

• allow the integration of the entire “experimental cycle”, i.e. the integration of 

lab work with office work (Figure 10)  

(Tabard et al., 2011: p. 204), 

• support space efficient experimental work with various types of equipment  

(Tabard et al., 2011: p. 204), 

• support the user focusing on the execution of an experiment, rather than on 

interacting with multiple instruments  

(Tabard et al., 2011: p. 204), and 

• should be an integral piece of the lab interior  

(Tabard et al., 2011: p. 204). 

Based on these criteria, Tabard et al. (2011) designed the eLabBench which is basically a 

tablet computer with a screen in the size of a typical laboratory work bench. However, its design 

takes into consideration that experimental work may require consulting various types of 

equipment, which could obscure displayed digital objects. Therefore, a 10 cm frame around 

the interactive screen provides space to move equipment aside not immediately needed, while 

digital objects displayed on the interactive screen can be moved by drag-and-drop. Digital 

objects may also be folded (minimized), hidden or removed in order to enable efficient working 

with tangible equipment and digital objects in concert (Figure 15) (Tabard et al., 2011: p. 205-

207; Tabard et al., 2012). 

Since the eLabBench is conceived as a work bench, its design allows cleaning the interactive 

screen with disinfectants, like ethanol (Tabard et al., 2011: p. 207; Tabard et al., 2012: p. 3059). 

Furthermore, there is no need to take on and off gloves when using the eLabBench, as is 
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generally considered when working with laptops because of biohazard or contamination issues 

(Echtler et al., 2010: p. 3440; Tabard et al., 2011: p. 204, p. 207; Tabard et al., 2012: p. 3053). 

The primary mode of interaction with the eLabBench is through its interactive surface using a 

customized, sterilizable infrared-LED pen. Interaction by hand was disabled by increasing 

infrared light-detection thresholds in order to prevent unintentional activation of the interactive 

surface when working on the bench. (Tabard et al., 2011: p. 207 f.; Tabard et al., 2012: p. 

3055). While the infrared-LED pen is used to interact with digital objects or to capture digital 

handwritings, further modes of interaction include a wireless keyboard together with a mouse 

and a camera viewing the eLabBench screen from above for taking snapshots of the whole 

eLabBench surface with tangible objects, similar to screenshots. The camera can be triggered 

with a big red button on the front left table leg (Figure 15B and C) (Tabard et al., 2011: p. 204-

208; Tabard et al., 2012: p. 3054 f.). 

The eLabBench is operated with Windows 7 and supports any type of digital resources, “like 

PDF and Microsoft Word documents, pictures, web pages, emails, etc.” (Tabard et al., 2011: 

p. 205, p. 208) and “a web-based digital notebook” (Tabard et al., 2012: p. 3055). Since the 

eLabBench basically is a personal computer, it has a local hard drive to store data files and 

can be connected to a local area network for sharing data with other computers or to the 

Internet to access web-content (Tabard et al., 2011: p. 205-210; Tabard et al., 2012: p. 3055). 
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A 

 

B 

 

C 

 

Figure 15. The eLabBench. Sources: (Tabard et al., 2011: p. 202, p. 204; Tabard et al., 2012: p. 

3054) 

A) A researcher performing experimental work on the eLabBench (Tabard et al., 2011: p. 202). B) The 

eLabBench and additional components. The interactive screen serves as work surface and as primary 

user interface. A wireless keyboard together with a wireless mouse and a camera for top-view snapshots 

of the work surface, which can be triggered with the red button on the left table leg, serve as additional 

modes of interaction (Tabard et al., 2011: p. 204-208). C) The eLabBench as seen from the top (Tabard 

et al., 2012: p. 3054). 
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In order to accomplish the first three requirements for successful tabletops (see above), a data 

management infrastructure according to a client-server model is operated behind the 

eLabBench system. The eLabBench itself is one of two client-applications. The other one is 

the desktop application activityDock which is accessible from Windows, MacOSX and Linux 

machines. The activityDoc application is a virtual bar listing the user’s activities, which can be 

expanded to a window in order to attached or remove data files (Figure 16). The purpose of 

implementing activityDoc is to provide access to data resources attached to individual activities 

either with the user’s personal computer in the office area or the eLabBench in the wet lab. For 

example, the user planning an experiment (i.e. activity) using a personal computer in an office 

can attach files to activityDock, which can later be retrieved when executing the experiment on 

the eLabBench in the lab. On the other hand, data generated during the execution of an 

experiment, e.g. a PCR (Figure 4), can be attached to activityDoc using the eLabBench and 

later retrieved for analysis with specific software on a personal computer in the office (Tabard 

et al., 2011: p. 206-208; Tabard et al., 2012: p. 3055). 

A 

 

B 

 

Figure 16. The desktop-application activityDoc. Sources: (Tabard et al., 2011: p. 206; Tabard et 

al., 2012: p. 3055) 

A) The activityDock application minimized to a bar. Individual activities of a user are listed on the bar 

(Tabard et al., 2011: p. 206). B) The activityDock application expanded to a window. Users can attach 

digital resources to individual activities, for example image files, as depicted (Tabard et al., 2011: p. 206; 

Tabard et al., 2012: p. 3055). 
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Both client-applications communicate with a server, which retrieves, stores and distributes 

activity-related data from and between both client-applications, respectively. The 

implementation of a client-server infrastructure allows barrier-free movement of computer-

based activities even between multiple eLabBench (wet lab) and activityDock units (office 

space) (Tabard et al., 2011: 207 f.; Tabard et al., 2012: p. 3055). Therefore, users can “store, 

manage, move, share, and annotate digital resources” during the execution of experiments, in 

a sterile and safe manner, and without the need to leave wet lab areas (Tabard et al., 2012: p. 

3051). The possible means of interaction with the eLabBench, its system software and the 

components of the client-server infrastructure behind the eLabBench system are outlined in 

Figure 17. 

 

Figure 17. The components and the underlying infrastructure of the eLabBench system. Source: 

(Tabard et al., 2012: p. 3055) 

A client-server infrastructure facilitates barrier-free communication of digital activities between the two 

client-applications, i.e. eLabBenches in wet labs and activityDoc units, which are accessible with 

computers in office areas. A server application “stores and manages access” to activity-related 

resources. Grey boxes: components facilitating client-server communications. Blue boxes: system or 

application software. Yellow boxes: modes of interaction with the eLabBench. API: application program 

interaface. IR: infrared. (Tabard et al., 2011: p. 207 f.; Tabard et al., 2012: p. 3055). 

Part of the integration of wet lab- and office-related digital resources by the eLabBench is the 

opportunity to integrate information on laboratory equipment. One mode of tangible integration 

is facilitated by machine-tags. These are pieces of plastic, which can be detected by the 

interactive surface of the eLabBench and linked with web pages containing information about 

tagged laboratory equipment (machines). When placed onto the screen, the eLabBench 
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associates the machine tag with a predetermined web page and displays its content (Figure 

18A) (Tabard et al., 2011: p. 208; Tabard et al., 2012: p. 3055). 

Next to machine-tags, two-dimensional (2D) codes can be implemented to tag racks carrying 

test tubes. If the eLabBench recognizes a 2D code placed at the bottom of a rack, the system 

will display a virtual version of the rack layout next to the real rack. The user has then the 

opportunity to annotate digital information to the rack layout, for example contents of single 

test tubes held by the rack or their exact positions within the tagged rack (Figure 18B). Rack 

layouts and annotated information can be attached to individual activities using the 

activityDock (Figure 16). Accordingly, users can access information about racks and carried 

test tubes even without the need of physical retrieval of the tagged racks  (Tabard et al., 2011: 

p. 205-208; Tabard et al., 2012: p. 3055). 

A 

 

B 

 

Figure 18. Tags for supportive information. Source: (Tabard et al., 2011: p. 206, p. 208) 

A) Machine-tags can be used to display information about tagged laboratory equipment, e.g. a user 

manual. B) Tagged racks can be recognized by the eLabBench to display respective rack layouts, which 

allows users to annotate digital information about single test tubes held by the real rack, e.g. content in 

test tubes. (Tabard et al., 2011: p. 205-208; Tabard et al., 2012: p. 3055) 

The 2D codes implemented for the eLabBench are static, which means that they have to be 

manually assigned to racks. Therefore, this approach of integration of physical objects with 

digital information using tabletops provides room for improvement (Tabard et al., 2011: p. 205, 

p. 208; Tabard et al., 2012: p. 3055). 

The recently developed Rabbit prototype implements a highly sophisticated method to 

automatically generate 2D codes. The Rabbit prototype has an incorporated radio frequency 

identification (RFID) reader, which identifies RFID-tags in close vicinity of approximately 1 cm. 

After capturing information assigned to recognized RFID-tags, Rabbit generates an 8x8 
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infrared LED code linked to that information. If Rabbit is placed onto the interactive surface of 

a tabletop system with the capability to read and interpret the LED codes, the tabletop system 

can translate the captured information into information to be displayed on its screen. The idea 

is to apply this technological solution to identification of single test tubes (Figure 19) (Hincapié-

Ramos et al., 2011: p. 301-304). 

The Rabbit solution even allows parallel identification of multiple RFID-tags. Therefore, the 

concept of Rabbit carries the potential to be integrated in test tube racks in order to 

automatically generate rack layouts with single test tubes. Individual specifications of each test 

tube, like different sample content, could also be automatically annotated (Hincapié-Ramos et 

al., 2011: p. 305 f.). 

A 

 

B 

 

C 

 

D 

 

Figure 19. Integration of physical objects with tabletop systems with RFID-technology. Source: 

(Hincapié-Ramos et al., 2011: p. 301, p. 304) 

A) Single test tubes of different size can be tagged with radio frequency identification (RFID) tags. B) In 

vicinity of an RFID-reader, e.g. incorporated in a test tube rack, specific test tubes are identified and 

information, e.g. about their location in the rack and individual content, are translated into a 2D-LED 

matrix code, which can be recognized and interpreted by an interactive surface. C) An example of a 2D-

LED matrix code. D) Eventually, a tabletop system which can interpret the LED matrix and can display 

captured information assigned to specific RFID-tagged test tubes on its interactive surface. (Hincapié-

Ramos et al., 2011: p. 301-304) 
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2.5 Reducing pipetting errors with projected information 

The solution of using 2D codes to integrate physical information of test tubes in racks with 

tabletop systems aims to assist researchers by keeping track of pipetted or stored liquid 

samples (Hincapié-Ramos et al., 2011; Tabard et al., 2011: p. 205, p. 207; Tabard et al., 2012: 

p. 3058). However, the task of liquid handling or management may demand substantial mental 

effort. Especially, if tubes are small, the risk of errors increases (Tabard et al., 2011: p. 209). 

In other words, researchers could also benefit from step-by-step pipetting guidance. A similar 

idea was implemented in the BioTISCH tabletop system by the virtual reagent sensors which 

shall prevent the user from confusing reagents (Figure 14) (Echtler et al., 2010: p. 3442). 

In many instances, experiments can involve highly error-prone pipetting steps, for example, if 

96-well plates are used. These are plastic plates with 96 wells, each of which has a capacity 

of 100 µl. The wells are organized in a 12x8 pattern (1 to 12 columns, and rows A to H), so the 

principle of orientation is analogous to reading a two-dimensional coordinate system (Hile et 

al., 2004: p. 324; Merck KGaA, n.d.). Pipetting schemes involving 96-well plates may be 

particularly error-prone, if protocols require pipetting multiple samples, for example from 

different tubes or other multi-well plates, into single wells which may not be confused (Figure 

20) (Hile et al., 2004: p. 324). 

A 

 

B 

 

Figure 20. Working with 96-well plates is error-prone. Sources: (Hile et al., 2004: p. 327; Merck 

KGaA, n.d.) 

A) A 96-well plate layout (Merck KGaA, n.d.). B) Assays may require pipetting small volumes of liquids 

into 96-well plates. Keeping track of pipetted liquid affords substantial mental effort, which is error-prone 

(Hile et al., 2004: p. 324). 
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Hile et al. (2004) designed a concept of an assistance system guiding researchers through 

complex pipetting schemes involving 96-well plates. It consists of a camera and a projector 

working in concert with a commercial software tool that is based on the aforementioned 

Labscape application (see section 2.2). Therefore, users can plan pipetting schemes in 

advance, similar to the use of sample-flow graphs in Labscape (Figure 4 and Figure 21A) 

(Arnstein et al., 2002a: p. 16-18; Hile et al., 2004). 

The system consists of a camera and a computer running the software, which controls a 

projector (Figure 21B). The camera permanently screens the bench for colored markers on 

96-well plates and pipettes, which allows the system to derive the position of the pipette tip 

relative to the plate. The system integrates the information from the digital workflow with the 

captured orientations of the plate and the pipette tip to support users by projecting information 

directly onto the workspace. The projector highlights row and column indices around the plate, 

which enhances orientation within the plate layout and serves as confirmation that the plate 

was correctly recognized. The projector further highlights single wells and follows the pipette 

tip by projecting a crosshair, which shall lower distraction and instead move the attention to 

specific wells into which liquid needs to be pipetted. In addition, the system displays information 

of individual wells when hovering over individual wells, like well names and material added 

(Figure 21C) (Hile et al., 2004). 
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A 

 

B 

 

C 

 

Figure 21. Projected pipetting assistance. Source: (Hile et al., 2004: p. 325, p. 330, p. 336) 

A) The underlying software application, which is based on sample-flow graphs of the Labscape 

application (see section 2.2), allows users to plan pipetting schemes in advance and to keep track of 

pipetted liquids (Hile et al., 2004: p. 323-338). B) The components of the pipetting assistance system 

(Hile et al., 2004: p. 328 f.). C) The projector displays the movement of the pipette tip, by projecting a 

crosshair, highlights the plate layout, and provides information about individual wells. (Hile et al., 2004: 

p. 332, p. 334) 
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2.6 Augmenting reality with smartglasses 

Per definition, augmented reality is “a real-time direct or indirect view of a physical real-world 

environment that has been enhanced/augmented by adding virtual computer-generated 

information to it” (Carmigniani and Furht, 2011: p. 3). Accordingly, displaying rack layouts on 

tabletop interactive surfaces, as described above (see section 2.4), is a form of augmented 

reality, because the real rack with tubes is augmented by a virtual component displayed on the 

interactive surface screen, i.e. a virtual version of the rack layout holding tubes annotated with 

digital information (Figure 18B) (Tabard et al., 2011: p. 205 f.; Tabard et al., 2012: p. 3055). 

Similarly, the approach of guiding researchers through pipetting schemes, as described in the 

previous section (see section 2.5), also applies a form of augmented reality, because the 

pipetting aid system directly enhances real, tangible 96-well plates with projected, virtual 

information (Figure 21) (Hile et al., 2004: p. 332, p. 334). 

However, with the emergence of the Internet of things (IoT), which refers to the 

interconnectivity of computing devices and objects communicating via the Internet, augmented 

reality is increasingly associated with smart devices, like mobile phones which capture reality 

with their built-in cameras and overlay virtual information in real-time (Kipper, 2013; Lee and 

Lee, 2015; Piccoli and Pigni, 2018: p. 320-323). In special settings of medicine, the 

convergence of augmented reality and the IoT in smartglasses is a starting trend (Kipper, 2013: 

p. 24; Mitrasinovic et al., 2015; Perkel, 2017). An example of smartglasses is Google Glass, 

which embeds the same hardware components as smartphones: a camera (side-mounted, 

viewing along the line of sight of the wearer), a microphone, a touchpad, speakers, various 

sensors, and Bluetooth and Wi-Fi communication devices. Different from smartphones, 

though, the key component for generating augmented reality is a head-up display (Figure 22) 

(Mitrasinovic et al., 2015: p. 383 f.; Google, n.d.). Since smartglasses basically are goggles, 

their real advantage over smartphones is that they allow generating and accessing digital data 

in a hands-free manner, which entails the potential to lower distractedness of users while 

performing hands-on tasks. This was tested in multiple studies on applying Google Glass for 

streamlining and capturing surgical processes (Wei et al., 2018). Testers in the surgical setting 

used Google Glass for documentation by video recording or taking photos, for searching 

information on the Internet, for voice or video conferences, and for displaying patient-related 

data, like vital signs or previously recorded images (Wei et al., 2018). Even though those 

studies on Google Glass also revealed limitations and room for improvements, for example of 

input modalities or navigating data resources, they demonstrated the feasibility and 

applicability of using Google Glass (Wei et al., 2018). 
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A 

 

B 

 

Figure 22. Google Glass. Sources: (Feng et al., 2014: p. 3070; Muensterer et al., 2014: p. 282) 

A) Hardware components of Google Glass (Feng et al., 2014: p. 3070). B) Front view of Google Glass, 

worn like ordinary goggles (Muensterer et al., 2014: p. 282). 

The potential opportunity to generate and access digital resources in a hands-free manner 

would also be highly convenient in settings of biomedical research. In fact, software developers 

of recent electronic laboratory notebooks already consider compatibility with smartglasses, as 

for example Microsoft OneNote (see section 2.3) (Figure 8) (Guerrero et al., 2016; Guerrero 

et al., 2019). However, similarly to clinical settings, appropriate applications for reliable and 

user-friendly interactions with smartglasses in a hands-free manner are still to be developed 

before this technology can become mainstream in experimental laboratories. 

Inspired by the need to train research students, Hu et al. (2015: p. 2105 f.) developed a Google 

Glass prototype application which displays experimental protocols on the Google Glass screen 

and enables users to navigate between individual working steps. Next to the common hands-

on interaction using Google Glass’ embedded touchpad, the prototype application offers two 

modes of hands-free interaction. Either users give short vocal commands, like “Next” or 

“Previous”, or swipe a hand within the camera’s field of view in order to switch between working 

steps (Figure 23) (Hu et al., 2015: p. 2106). 
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Figure 23. An illustrated first-person view through Google Glass. Source: (Hu et al., 2015: p. 2106) 

The figure illustrates the concept of interacting with Google Glass in a hands-off manner using hand 

gestures. A user switches between slides of working steps displayed on the Google Glass screen by 

swiping a hand in the Google Glass camera’s field of view (Hu et al., 2015: p. 2106). 

Next to active interaction with smartglasses, detection of hand gestures is also considered as 

an opportunity to automatically keep records of single activities (Scholl et al., 2015a). Scholl et 

al. (2015a) conceived a prototypic software application for Google Glass which aims to 

translate the idea of automatically detecting activities into reality. The system captures hand 

movements in a time-dependent manner with a wrist-worn three-dimensional accelerometer 

logger and compares them with previously recorded movement data stored in an “action 

database” (Scholl et al., 2015a: p. 595). If actions are recognized and compared against 

actions of an active protocol, the system can guide users through that protocol by automatically 

checking and recording accomplished activities and displaying ensuing working steps on the 

Google Glass screen. Even though the published state of the system is prototypic, its 

underlying concept represents a feasible alternative to manually keeping lab notebooks and to 

automatically assist researchers through experimental protocols (Scholl et al., 2015a). 

In order to execute experimental protocols, specific reagents and samples are required. 

Usually, researchers use adhesive markers or stickers to label test tubes to track reagents and 

samples. However, limited space and mental effort often result in ambiguous abbreviations, 

which may be misleading. In addition, harsh storage conditions may even compromise labels. 

Such problems inspired the refinement of activity detection by supplementing the wrist-worn 

accelerometer logger with a radio frequency identification (RFID) reader which recognizes 

RFID-tagged objects, like test tubes (Scholl et al., 2015b). Similar to the above-mentioned 

Rabbit prototype which displays digitally annotated information of detected RFID-tagged test 

tubes on interactive tabletop surfaces (see section 2.4) (Figure 19) (Hincapié-Ramos et al., 
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2011), the wrist-worn prototype by Scholl et al. (2015b: p. 2) can track RFID-tagged test tubes 

in close vicinity of approximately 2 cm. The system transmits digital information linked to the 

detected RFID-tags via Wi-Fi to a connected pair of Google Glass. Eventually, Google Glass 

displays the information on its screen. In combination with the voice user interface of Google 

Glass, users have the option to digitally label or relabel RFID-tagged test tubes (Figure 24) 

(Scholl et al., 2015b: p. 2-4). 

A 

 

B 

Figure 24. A prototype of a wrist-worn RFID-reader which communicates digital information of 

RFID-tagged test tubes to Google Glass. Source: (Scholl et al., 2015b: p. 3) 

A) Changing or B) adding digital information of RFID-tagged test tubes detected by a wrist worn RFID-

reader using voice commands (Scholl et al., 2015b: p. 2-4). 

2.7 Voice user interfaces for hands-free computing 

Language is a form of communication unique to humans (Pagel, 2017: p. 1). Therefore, voice 

user interfaces are considered an intuitive mode of hands-free machine interaction which 

promises substantial advantages, like increased focus on essentially hands-on activities, 

assistance of people with disabilities in machine interactions and minimization of the need for 

explicit training (Austerjost et al., 2018: p. 476 f.; Pradhan et al., 2018; Cambre et al., 2019: p. 

1536; Iñiguez-Carrillo, 2019: p. 2). The technology to capture or to output language is available, 

for example embedded in Google Glass products (see section 2.6) (Google, n.d.). However, 

software algorithms which are capable to process or produce language are still rather 
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prototypic or in development (Pyae and Joelsson, 2018: p. 128). The aforementioned 

application, designed by Scholl et al. (2015b), for labelling RFID-tagged test tubes with the 

voice user interface of Google Glass is an example of voice-controlled information systems for 

laboratory assistance (Figure 24). 

A recently published design of voice assistance system for experimental work demonstrates 

how IT trends can be effectively be utilized to exploit the benefits of voice user interfaces. The 

underlying idea is to “integrate standard laboratory instruments into a modern Internet of 

Things (IoT) environment” (Austerjost et al., 2018: p. 477). The system’s principle is as follows: 

a voice-activated device (e.g. Amazon’s Alex Echo device) provides the voice user interface. 

Upon activation, specific spoken words (wakeup words) or phrases map linked “skills” 

(applications) in a “skill host” (a cloud service). Then, induced “skills” activate a digital 

representation of connected laboratory instruments in a “Device Shadow” (another cloud 

service), which communicates instructions to a local device server. Eventually, the device 

server controls the real instruments in the laboratory (Figure 25) (Austerjost et al., 2018: p. 

477-481). 

Dataflow is possible in both directions, which also allows monitoring connected instruments 

through computer-generated language. If the device server measures changes of instrument 

parameters, it updates the “Device Shadow”. The “skill host” receives changed information and 

forwards it via the voice services in the cloud to the voice-activated device which eventually 

translates the information into an artificial language output (Figure 25) (Austerjost et al., 2018: 

p. 479). 

The system’s cloud services can be customized by adding or modifying code, which facilitates 

high flexibility when adding new voice commands or integrating different laboratory 

instruments. Therefore, instruments which may be less modern or from different vendors can 

also be integrated (Austerjost et al., 2018: p. 478). 
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Figure 25. A modular cloud-based voice assistance system for controlling and monitoring 

laboratory instruments. Source: (Austerjost et al., 2018: p. 479) 

Upon detection of key words or phrases, a voice-activated device (e.g. Amazon’s Alexa Echo) activates 

applications and digital representations of connected laboratory equipment offered as cloud services. A 

local device server receives instructions from the activated cloud services and manages the control of 

connected laboratory instruments. Further, the server captures status data of instruments and forwards 

it to the cloud, which further transmits the information to the voice-activated device for generation of an 

artificial language output (Austerjost et al., 2018: p. 477-481). 

Another example of a recent voice assistance system is the Helix developed by HelixAI in 

collaboration with the Amazon Alex team (HelixAI, n.d.). Different from the above-mentioned 

assistance system, which applies a voice user interface to control laboratory instruments 

(Figure 25) (Austerjost et al., 2018), Helix serves as voice-activated search engine for a broad 

spectrum of experimental research-related information (HelixAI, n.d.). For example, Helix can 

be equally queried for information, which is either only in-house available, like protocols or 

standard operating procedures, or for information in public data bases. The actual accessibility 

to data repositories is customizable. Helix also offers guiding information on current working 

steps. For that purpose, users can even connect their smartphones to Helix, and receive 

information, like reminders, when staying away from experiments (HelixAI, n.d.). 

Another recently published voice assistant system is Vitro, which uses Apple AirPods (paired 

with a MacBook Pro) as voice interactive surface. Vitro is an open source prototype designed 

to guide students through protocols applied for handling cell cultures. The specialty about Vitro 

is, that it constantly listens to its environment and responds to any speech without the need of 

a “wakeword” (Cambre et al., 2019: p. 1534 f.). 
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Even though an activation word-free principle might be applicable for Vitro’s training purposes, 

the inherited possibility of causing false-positive activation, especially when nearby colleagues 

have conversations with each other, is one of its pitfalls (Cambre et al., 2019: p. 1537). In other 

situations, an activation word-free user interface would be even less applicable. For example, 

wake-up word-free activation of the aforementioned lab assistant system for controlling 

laboratory instruments could accidently activate instruments (Figure 25) (Austerjost et al., 

2018). 

2.8 Practicing lab routines in virtual wet labs 

The technological concepts described in the previous sections focus on assisting experimental 

work by facilitating or automatizing access to information directly at the lab bench, ideally while 

performing activities. Further, the review shows that some of those technological concepts, like 

a Google Glass prototype application (Hu et al., 2015) and the voice assistance system Vitro 

(Cambre et al., 2019), are highly suitable for teaching purposes. Their common foundation for 

enhancing learning experiences is the combination of virtual components with real 

environments. However, the dependency on real lab equipment or entire laboratories has 

natural shortcomings because there is only limited space, time and funds to teach students 

(Bonde et al., 2014: p. 694; Monleón et al., 2018). Such obstacles inspired the development 

of completely virtual experimental laboratory environments for cost- and time-efficient lab 

exercises, as for example Cellusim (Monleón et al., 2018). 

Cellusim is a video game-based training simulator developed for learning basic lab routines in 

cell culture laboratories, for example maintaining cell cultures, which basically involves thawing 

cell samples in water baths, changing cell culture medium and seeding cells in a biosafety 

cabinet, and checking cell densities and morphologies with a light microscope. Since Cellusim 

is a desktop application, users perform tasks by clicking on the virtual objects (Figure 26) 

(Monleón et al., 2018). 

The simulator offers a training and evaluation mode. When working with the evaluation mode, 

scores based on students’ methodical mistakes are generated; this is comparable to video 

games. The simulator even considers tasks which are not part of any protocol but are essential 

for safety reasons in a real environments, for example putting on gloves before starting to work 

(Monleón et al., 2018). 
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A 

 

B 

 

C 

 

D 

 

Figure 26. A virtual cell culture laboratory in Cellusim. Source: (Monleón et al., 2018: p. 180-182) 

The screenshots illustrate some of the clickable (using the hand-shaped cursor) activities which can be 

virtually performed with Cellusim. A) Overview of the virtual workstations (Monleón et al., 2018: p. 180). 

B) Thawing cells in a water bath; a box of protective gloves is placed next to it (Monleón et al., 2018: p. 

181). C) Work in a biosafety cabinet for sterile cell culture handling. Shown are various virtual 

instruments and material required for cell culture handling. Accomplished working steps of an active 

protocol are displayed at the bottom left corner of the screen (Monleón et al., 2018: p. 181). D) 

Observation of cell cultures with a light microscope, which is connected to a virtual computer screen. 

(Monleón et al., 2018: p. 182) 

The recent emergence of head-mounted displays, like the PlayStation VR headset (Sony 

Interactive Entertainment, n.d.) or the HTC Vive headsets (HTC Corporation, n.d.), leverages 

virtual reality to a new level, because these technologies allow users to experience higher 

immersions into virtual reality environments than two-dimensional computer screens. In 

combination with proper input devices, i.e. controllers, which allow users to interact with virtual 

objects and navigate virtual environments, immersion can be further improved (Anthes et al., 

2016: p. 7-9; Piccoli and Pigni, 2018: p. 329-332). 

Labster, which is another virtual reality application designed and optimized for the purpose of 

teaching science, aims to exploit the opportunities offered by head-mounted displays. Next to 

“Low-immersion, desktop simulations”, which can be accessed with desktop computers (Figure 
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27A), it also offers “High-immersion, head-mounted display simulations” (Figure 27B) (Labster, 

n.d.). The simulations include animated presentations, which cover basic scientific 

background, and offer an opportunity to practice various types of basic laboratory 

methodologies from a broad range of scientific fields in risk-free environments (Thisgaard and 

Makransky, 2017: p. 4 f.; Labster, n.d.). 

A 

 

B 

 

Figure 27. Teaching students with Labster. Source: (Labster, n.d.) 

Teaching science and experimental work with Labster. A) “Low-immersion, desktop simulations”. A 

teacher mentoring a class of students in a virtual laboratory. B) “High-immersion, head-mounted display 

simulations”. Students wearing virtual reality head-mounted displays can acquire near realistic lab work 

experience, because they can actively participate by looking around or moving in virtual lab sessions. 

(Labster, n.d.) 
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3 Implementation of the Reviewed Innovations: 

Advantages, Challenges and Risks from a 

Managerial Point of View 

The previous chapter reviews recent trends and concepts of prototypical assistance systems 

for biomedical research by discussing their underlying principles to improve efficiencies of 

experimental work and their limitations. None of those technologies is mainstream in modern 

research, but they have features which carry high potential to pervade research organizations 

in the future. This chapter consults studies and various literature in order to evaluate the 

described technologies by identifying challenges and risks, which general managers in 

biomedical research organizations should consider, if they are responsible for IT-dependent 

strategic initiatives. 

3.1 Automation 

Laboratories can be considered as production facilities of test results (Genzen et al., 2018: p. 

262). In this sense, automation has plenty of benefits to offer. The main advantages are an 

increase of quality, because of lower variability, less errors and improved turnaround times 

(see section 2.1). In other words, automation enhances efficiencies and productivities of 

processes which clearly is accompanied with improvement of key performance measures, like 

the return on investment (Hawker et al., 2017: p. 370.e1; Genzen et al., 2018: p. 259 f.; Lippi 

and Da Rin, 2019: p. 802-806, p. 809). 

In the context of biomedical research, the main advantage of automation is improved 

reproducibility, which is key in experimental work (see section 1.1) (Hawker et al., 2017: p. 

370.e1; Genzen et al., 2018: p. 263). Higher reproducibility reduces costs because lower 

amounts of required material and sample volumes result in less expenses, decreased needs 

of storage space and lower burden of waste (Lippi and Da Rin, 2019: p. 803-806, p. 809). The 

possibility to reduce personnel, for example technicians, also has a significant impact on cost 

reduction (Genzen et al., 2018: p. 259; Lippi and Da Rin, 2019: p. 803, p. 809). 

There are also aspects to be considered which are less directly linked to cost efficiencies. For 

example, automatically executed processes lower biohazard issues of manually performed 

tasks (Genzen et al., 2018: p. 260; Lippi and Da Rin, 2019: 806). Furthermore, automation 

allows researchers to remain focused on experimental work for which they are actually trained 
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and hired (Genzen et al., 2018: p. 259). Eventually, automation facilitates the establishment 

and administration of standard operating procedures, because of streamlined and simplified 

processes (Genzen et al., 2018: p. 259; Lippi and Da Rin, 2019: p. 805, p. 809). 

However, there are also substantial challenges and risks, which organizations need to 

overcome before they can benefit from automation. If machines, like pipetting robots, are 

considered for initiatives (see section 2.1), the major issues are related to necessary 

infrastructure, like space, electricity or IT, and the possible burden of noise and temperature. 

All of these may ask for arrangements, which elevate the already high initial costs or could 

permanently compensate the cost benefits of automation (Genzen et al., 2018: p. 260 f.; Lippi 

and Da Rin, 2019: p. 806 f.). Next to these essentialities, arrangements should also be made 

in order to prevent downtimes, for example the establishment of “back-up” systems (Lippi and 

Da Rin, 2019: p. 807) or employment of engineers, together with the formation of spare parts 

depots (Genzen et al., 2018: p. 261). Downtimes bear significant risks because automation is 

followed by the loss of essential skills required to manually execute protocols (Bainbridge, 

1983: p. 775; Lippi and Da Rin, 2019: p. 807-809). Instead, personnel build a psychological 

dependency on automation over time, which makes switching back to manual processes 

difficult (Lippi and Da Rin, 2019: p. 807-809). Therefore, precautions should be taken for 

emergency situations, for example training personnel to manually execute processes (Genzen 

et al., 2018: p. 261). 

Another category of risk is related to systemic effects. According to the sociotechnical theory, 

automation will result in “Second-Order” changes because it substantially affects the “People” 

component of information systems (see section 1.4) (Piccoli and Pigni, 2018: p. 40 f.). Even 

though personnel reduction inherits economic benefits (Genzen et al., 2018: p. 259; Lippi and 

Da Rin, 2019: p. 803, p. 809), the remaining personnel might require specific training (Genzen 

et al., 2018: p. 261) or acquire new qualifications (Lippi and Da Rin, 2019: p. 806, p. 809) in 

order to work with the automizing technology. This is a risk because a natural “resistance to 

change” should always be expected (Dent and Goldberg, 1999; Piccoli and Pigni, 2018: p. 32). 

Another important risk factor is personnel overcrowding workspace, especially if automating 

equipment is limited in laboratories (Genzen et al., 2018: p. 261; Lippi and Da Rin, 2019: p. 

806 f.). In terms of the “Second-Order” change, overcrowding means that turnaround times 

would increase after implementation of automation, which is exactly the opposite of its intention 

(Genzen et al., 2018: p. 259; Piccoli and Pigni, 2018: p. 40 f.; Lippi and Da Rin, 2019: p. 804, 

p. 809). 

It is also imaginable that loss of tacit knowledge or changing roles of personnel could even 

elevate risks to the level of “Third-Order” changes (Figure 2C). For example, if automation is 
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recognized as impairing innovation processes because of less occurring events with learning 

opportunities (Ansari et al., 2018: p. 62 f.), the organization may adapt its innovation strategy 

in order to keep or improve its competitive advantages. This could be followed by structural 

reorganizations due to changes of underlying innovation processes (Gassmann and Enkel, 

2004). 

Obviously, these types of risks are more relevant for initiatives considering robotic systems, 

like liquid handling systems (see section 2.1). In contrast, automation with software 

applications, especially mobile applications using cloud services (Figure 3), are more prone 

for cybersecurity issues (Austerjost et al., 2017: p. 965; Piccoli and Pigni, 2018: p. 344). The 

optimal strategy to mitigate cybersecurity risks is the result of the trade-off between costs of 

potential damage and costs for establishing an information systems security, and will, 

therefore, depend on the anticipated impact of a cybersecurity breach (Piccoli and Pigni, 2018: 

p. 349 f.). Smartphones are generally subject to external threats (Piccoli and Pigni, 2018: p. 

360). If they are used to upload data to cloud services for processing, like photos of bacteria 

plates to count colonies (Figure 3), appropriate investments in security software, for example 

firewalls to screen data traffic between the smartphone and the cloud service, should be 

considered (Piccoli and Pigni, 2018: p. 365 f.). 

Whether automation of a biomedical research laboratory benefits from the advantages of 

automation obviously depends on the type of automation, but also on the functional purpose 

of the laboratory. Literature suggest that if investment in automation covers “80% of the daily 

workload of specimen containers, covering most routine handling situations, can be 

standardized and automated, the laboratory will achieve a dramatic reduction in its labor usage 

and costs, which should be sufficient to justify the investment in automation and the planning 

and evaluation time involved” (Hawker et al., 2017: p. 370.e9). According to this statement, 

automation would improve rather the performance of diagnostic laboratories, where more 

routine tasks or standard protocols are executed, than the performance of experimental 

research laboratories. 

3.2 Quasi-ubiquitous assistance 

The Labscape system, which is reviewed in section 2.2, is a ubiquitous assistance system for 

experimental research because it enables researchers to capture and access digital 

information at various locations in laboratories. Its design, as it was published in 2002, relies 

on fixed installed touch-sensitive computers which are distributed throughout an individual 

laboratory (Figure 5) (Arnstein et al., 2002a: p. 17). However, “ubiquitous computing” has 
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reached a different level nowadays and becomes consistent with the original vision by Weiser 

(1991: p. 94). Progressive computerization and interconnectivity of various devices is now 

surrounding people in their everyday life, while ubiquitous or pervasive computing is termed 

the “Internet of Things” (IoT) nowadays (Lee and Lee, 2015; Piccoli and Pigni, 2018: p. 320-

322). As demonstrated in the sections 2.6 and 2.7, the IoT trend is even spreading in research 

laboratories, since mobile devices are commonplace nowadays (Perkel, 2017; Pew Research 

Center, 2019). Thus, the “quasi-ubiquitous” principle provided by computing devices, which 

are installed in laboratories at multiple fixed locations might be considered outdated. 

On the other hand, the idea of using mobile devices, like smartphones or tablets, which 

researchers can carry from place to place, or even from the office space to the laboratory area 

also has substantial disadvantages. For example, bringing mobile devices from outside the 

laboratory obviously bears contamination risks, and carrying around mobile devices within 

laboratories could either result in distractions or logistics problems because of hands being 

occupied or workspace being reserved for different equipment (Echtler et al., 2010: p. 3440; 

Tabard et al., 2011: p. 202; Scholl et al., 2015a: p. 593). Therefore, applications based on the 

“fixed devices”-design of Labscape still might be highly suitable in modern research 

laboratories. 

Labscape was designed to minimize movement of researchers between locations in 

laboratories and reduce the mental effort of recording information by providing a ubiquitous 

opportunity to digitally access and modify protocols during the execution of experiments, while 

respecting and minimally interfering with natural workflows of experiments (see section 2.2) 

(Arnstein et al., 2002a). Little data is available about the practical usage of ubiquitous 

laboratory assistance systems comparable to Labscape. However, Labscape itself was 

quantitatively evaluated in a study which demonstrated its proof of concept (Consolvo et al., 

2002). For that purpose, lag sequence analysis was applied which breaks “an observation […] 

into a sequence of sampling intervals called ‘lags.’” (Consolvo et al., 2002: p. 83). Then the 

number of occurrences of predetermined events are counted in each lag (Consolvo et al., 

2002: p. 83). 

The analysis indicated that Labscape did not increase, but rather reduced the number of 

movements of personnel during the tasks included in testing Labscape, i.e. tasks related to 

DNA amplification, gel making electrophoresis and image capturing (Figure 28A) (Consolvo et 

al., 2002: p. 86). Furthermore, Labscape testers claimed that recording was easier when 

Labscape was available which facilitated switching between tasks because of the reduced 

need to memorize information. In fact, information was more often recorded, when Labscape 

was available, compared to working without Labscape (Figure 28B) (Consolvo et al., 2002: p. 
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87). Eventually, the analysis suggested that Labscape has the potential to integrate into the 

natural workflow of experimental activities (Figure 28C) (Consolvo et al., 2002: p. 87 f.). 

A 

 

B 

 

C 

      

Figure 28. Quantitative evaluation of Labscape. Source: (Consolvo et al., 2002: p. 86 f.) 

A) Labscape did not increase movements during any of the indicated tasks applied for testing Labscape. 

During DNA amplifications, Labscape even resulted in a reduction of movements (Consolvo et al., 2002: 

p. 86). B) If Labscape was available during the execution of the indicated tasks, users recorded data 

more often (Consolvo et al., 2002: p. 87). C) Lag sequence analysis suggested Labscape to integrate 

into the natural workflows of the indicated tasks. The percentages show the proportions of sequence 

lags containing events, when both Labscape usage and physical work related to the respective task 

concurrently occurred. The percentages serve as an indicator for the ability of Labscape to blend into 

the natural workflow of the analyzed tasks (Consolvo et al., 2002: p. 87). 
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According to these findings, it can be expected that (quasi) ubiquitous systems, like the 

Labscape application, could be successfully implemented in laboratories to assist biomedical 

research. 

The introduction of comparable (quasi) ubiquitous systems in experimental research 

laboratories results in improvements of workflows in the laboratory, as was suggested by the 

evaluating study on Labscape (Consolvo et al., 2002: p. 88), but requires personnel to adapt 

their lab routines.  In terms of the sociotechnical theory, the “People” component” is affected, 

which means that “Second-Order” changes would be expected (Figure 2B) (Piccoli and Pigni, 

2018: p. 40 f.). The inherent risk factor is people’s natural “resistance to change” (Dent and 

Goldberg, 1999; Piccoli and Pigni, 2018: p. 32), which could end in laboratory staff leaving the 

newly implemented assistance system unused. Therefore, personnel should acquire special 

training on the new system, so that they become familiar with its functionalities and benefits. 

Another risk factor is personnel overcrowding available workspace. For example, the higher 

the number of personnel or the lower the number of fixed devices installed, the higher the risk 

of overcrowding at workbenches where the (quasi) ubiquitous software application can be 

accessed (Borriello, 2006: p. 48). In this scenario, the researchers, which represent the 

“People” component, would be affected because they interfere with or block each other’s 

workflows (Piccoli and Pigni, 2018: p. 40 f.). 

If the assistance system is connected to the Internet, external threats should also be 

considered (Piccoli and Pigni, 2018: p. 352-360). 

3.3 Electronic laboratory notebooks 

In section 2.3, general benefits and potentials of electronic laboratory notebooks (eLNs) are 

discussed and OneNote reviewed as an example for one of the most recent eLNs (Figure 8 

and Figure 9) (Guerrero et al., 2016; Guerrero et al., 2019). Fundamental advantages of eLNs 

are enhanced record keeping of experiments, easier traceability of data and facilitated sharing 

of results and protocols between scientists, which enhance overall reproducibility and avoid 

redundant executions of already performed experiments (Butler, 2005: p. 20 f.; Nehme and 

Scoffin, 2006: p. 209-221; Du and Kofman, 2007: p. 161 f.; Machina and Wild, 2013: p. 266 f.; 

Kanza et al., 2017: p. 1).  

Presumably, exact figures about time saved vary between scientific sectors, departments and 

even individual laboratories which have different agendas, but, according to literature, 

scientists in the drug discovery section can “sav[e] approximately 1 hour per week” (Nehme 
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and Scoffin, 2006: p. 219), while others even conclude that, “on average, 9 hours per week” 

can be spent on other activities when working with eLNs (SciNote, 2018; SciNote, 2019).  

Therefore, it can be concluded that, in general, eLNs improve efficiencies in management, 

documentation and communication of data and information, which has a measurable impact 

on the return on investment (ROI). For example, if researchers have to spend less time in 

retrieving and preparing data for presentations, and planning or reproducing experiments, 

because results or protocols, respectively, of previously executed experiments are readily 

available, they have more time to focus on further experimental tasks (Nehme and Scoffin, 

2006: p. 219 f.; Machina and Wild, 2013: p. 266 f.). Depending on the decisions of the general 

managers on how to take advantage of these benefits, the ROI is either increased because 

(1) the same number of objectives are achieved with less expenses (primarily personnel 

and material costs), or 

(2) because more objectives are achieved with the same expenses as before the eLN-

dependent initiative (Nehme and Scoffin, 2006: p. 219 f.; Machina and Wild, 2013: p. 

266 f.). 

Further aspects of eLNs, which are key to biomedical research, are facilitated demonstration 

of compliance to authority regulations and better protection of intellectual property (IP) rights. 

For these purposes, organizations establish standard operating procedures (SOPs) which 

dictate researchers to design and record experiments according to GxP guidelines (Du and 

Kofman, 2007: p. 158 f.). In order to demonstrate GxP compliance, SOPs stipulate recording 

and reviewing of experiments within a specific time limit. Therefore, researchers must record 

and sign off their experiments, which then witnesses, who are other experts, must review and 

approve by signature (Nehme and Scoffin, 2006: p. 220 f.; Du and Kofman, 2007: p. 159). 

Clearly, processes involving recording and witnessing experiments are inefficient and time-

consuming, if done manually in paper-bound laboratory notebooks (pLNs). Besides, longer 

intervals between dates of completing experiments and witnessing may inherit risks of losing 

a “first-to-invent status” when filing a patent. Implementations of eLNs (with e-signature 

features) clearly accelerate these processes and thus support possible legal matters (Nehme 

and Scoffin, 2006: p. 220 f.; Du and Kofman, 2007: p. 162 f.). 

Despite the many advantages of eLNs over pLNs, roll outs of eLNs are long overdue and they 

are still not mainstream in research, especially in academia, where implementation seems to 

be slower than in industry sectors (Butler, 2005; Walsh and Cho, 2013: p. 229; Dirnagl and 

Przesdzing, 2016: p. 3; Kanza et al., 2017: p. 2 f.). This might be explained by several 

disadvantages and notable challenges in implementation of eLNs. The major drawback of 
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eLNs is their dependency on computers, which explains why eLNs only slowly overcome the 

“separation” between laboratories and office space (Figure 10) (Myers et al., 1996: p. 47; 

Echtler et al., 2010: p. 3440; Tabard et al., 2012: p. 3051). Computers are not necessarily 

mobile and they need to be fueled with electricity, whereas pLNs have “infinite battery life” 

(Kanza et al., 2017: p. 5). In fact, this vulnerability of digital information raises concerns about 

keeping eLNs; on the other hand, some scientists argue that physical copies of pLNs are more 

easily lost than eLNs (Butler, 2005). Another advantage of keeping pLNs, instead of eLNs, is 

their ease of use, since handwritings and sketches are more straightforward to include in pLNs, 

than in eLNs (Du and Kofman, 2007: p. 163; Walsh and Cho, 2013: p. 229-232; Kanza et al., 

2017: p. 5). These are all arguments, which would promote decisions for implementations of 

paper/electronic-hybrid solutions (see section 2.3). However, broader distribution and recent 

pervasions of tablet computers (Pew Research Center, 2019), which support access to eLNs 

and can be operated with an electrical stylus, start to offer comparable advantages (see section 

2.3) (Figure 8) (Guerrero et al., 2016; Guerrero et al., 2019). A recently published survey on 

scientists suggested that eLNs accessible with tablet computers are indeed considered as 

advantageous alternatives to pLNs (Guerrero et al., 2016: p. 7). 

However, the biggest opposition to eLNs are high costs, organizational difficulties and risks 

associated with their implementations. Costs are high, because integration of eLNs needs 

researchers to take user trainings and requires the establishment of necessary infrastructures, 

like back-up systems, which, eventually, cause additional ongoing costs, because of 

continuous maintenance (Du and Kofman, 2007: p. 163; Machina and Wild, 2013: p. 266; 

Dirnagl and Przesdzing, 2016: p. 5 f.; Kanza et al., 2017: p. 4 f.). Acquisition costs can be 

substantially elevated, if eLNs are incompatible with preexisting systems or equipment, which 

is seen as the biggest challenge in implementation of eLNs (Machina and Wild, 2013: p. 266; 

Kanza et al., 2017: p. 6). As already mentioned, eLNs are enterprise software applications 

(Nehme and Scoffin, 2006: p. 217), which means that they “span (all) organizational functions 

and rely on one database at the core” (Piccoli and Pigni, 2018: p. 56, p. 91). Therefore, 

investments in eLN-dependent initiatives should take into account systemic effects on entire 

organizations. In terms of the sociotechnical theory, eLNs would be expected to result in 

multiple “Second-Order” changes within departments (see section 1.4) (Figure 2B) (Piccoli and 

Pigni, 2018: p. 28-31, p. 40 f.), especially if individual research groups or functions work with 

different technologies or methods because they focus on specific objectives (Butler, 2005; Bird 

et al., 2013: p. 8167; Guerrero et al., 2016: p. 7). If new eLNs significantly change (Kanza et 

al., 2017: p. 4 f.) or do not simplify researchers’ lab routines, eLNs likely remain unused (Butler, 

2005). 
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In the context of “Second-Order” change (Piccoli and Pigni, 2018: p. 40 f.), there is another 

interesting aspect to be considered as risk factor. Even though Walsh and Cho (2013: p. 231 

f.) reported that surveyed scientist appreciated the “[e]ase of searching and finding past 

information”, exactly this feature, as provided by eLNs, could result in frictions, if competition 

is prevalent in teams or organizations. Researchers might claim ownership of their data as 

their intellectual property and consequently could be reluctant in sharing information with 

colleagues until publication (Bird et al., 2013: p. 8158, p. 8170). In such case, the 

implementation of an eLN, which actually intends to establish a more open and collaborative 

environment through facilitated sharing of information, would likely have rather the opposite 

effect. 

“Third-Order” changes are also conceivable (see section 1.4) (Figure 2C) (Piccoli and Pigni, 

2018: p. 41 f.), for example, if significant adaptions in the entire organization are required. For 

example, if introduction of an eLN requires a new IT department, which takes care of 

maintenance and cyber- and information security services (Du and Kofman, 2007: p. 163; 

Machina and Wild, 2013: p. 266), the eLN-dependent initiative may also involve changes of 

organizational structures. 

3.4 Tabletops 

The natural barrier separating lab and office spaces is a major limiting factor in biomedical 

research, because it forces researches to switch between both areas, if they need to access 

or generate digital information during the execution of experiments (Figure 10) (Echtler et al., 

2010: p. 3440; Tabard et al., 2011: p. 202, p. 206; Tabard et al., 2012: p. 3051). Section 2.4 

outlines how the tabletop surface technology can be exploited to tackle that problem. The 

reviewed tabletop systems, BioTISCH and the eLabBench, were inspired by needs of 

experimental work in the field of molecular biology (Echtler et al., 2010: p. 3440; Tabard et al., 

2011: p. 203 f.). Of both, the eLabBench is more advanced, as it offers more functionalities 

and higher adaptability to researchers’ working habits. Besides, the eLabBench has also been 

evaluated in studies with scientists which demonstrated the proof of principle, i.e. the 

integration of lab and office space, and indicated potential challenges related to the 

implementation of tabletop systems in laboratories (Tabard et al., 2011; Tabard et al., 2012; 

Tabard et al., 2013). 

Naturally, replacing lab benches with tabletop systems might raise concerns that the giant 

screen could distract users from their activities (Tabard et al., 2011: p. 207; Tabard et al., 2013: 

p. 251, p. 253 f.). In order to discover whether the design of the eLabBench fulfills its purpose 
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of a lab bench with supportive functionalities, seven scientists, who had different practical skill 

levels (“three post-docs, two Ph.D students, and two bachelor students”), tested the 

eLabBench for 16 weeks (excluding 3 instructing weeks) (Tabard et al., 2012: p. 3056). The 

study indicated that the tabletop system was overall well received, since the participants used 

the various opportunities offered by the eLabBench to access or modify digital information. 

Interestingly, the most numerous digital resources used were virtual rack layouts in order to 

annotate information about single test tubes held by the respective real racks (Figure 18 and 

Figure 29). Especially, the possibility to work with rack layouts without the need to retrieve the 

real racks was appreciated. This observation indicated a demand for solutions, which facilitate 

sample management (Tabard et al., 2012: p. 3057-3059). 

 

Figure 29. The distribution of the type of digital resources used by the participants during the 

study period. Source: (Tabard et al., 2012: p. 3057) 

Virtual rack layouts were the most used digital resources in order to view content of real racks or to 

annotate digital information to single test tubes (Tabard et al., 2012: p. 3057-3059). 

Furthermore, the study revealed that users used the opportunity to access and modify digital 

information for different purposes: participants 

(1) accessed protocols because they relied on it, 

(2) applied changes to working protocols during the execution of an experiment, 

(3) consulted previous activities for development purposes, 

(4) planned activities from scratch, or 

(5) executed activities in a collaborative manner (Tabard et al., 2012: p. 3057). 
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As part of the same study, the users’ approach to organize physical and digital objects on the 

tabletop surface was investigated. For that purpose, the top-mounted camera of the 

eLabBench took snapshots of the tabletop surface in intervals of 10 seconds throughout whole 

activities executed by each participant (excluding absences) for the entire 16 weeks of the 

study period (Figure 15B, C and Figure 30A) (Tabard et al., 2013: p. 251 f.). The analysis 

revealed that the users had preferential zones to place physical objects, when not in use 

(Figure 30B), and preferred sites of interaction with digital objects on the screen (Figure 30C). 

Overall, users organized physical objects so that minimal occlusion of digital objects occurred 

(10 to 20 % of the recordings) (Figure 30D) (Tabard et al., 2013: p. 252 f.). These observations 

demonstrated that the users were not distracted by the eLabBench, but rather integrated it in 

their activities, like a normal wet lab bench (Tabard et al., 2013: p. 253 f.). 

Taken together, the study could show that the eLabBench had a supportive role in accessing 

relevant digital information during experimental work, and allowed moving some lab work, 

which researchers normally must do in the laboratory (labelling tubes), to the office space 

(Tabard et al., 2012: p. 3057-3059). In other words, the study showed that the eLabBench 

facilitates circulating around researchers’ experimental cycles (Figure 10), as intended by its 

design (see section 2.4) (Tabard et al., 2011: p. 203-208; Tabard et al., 2012: p. 3054 f.). 
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A 

 

B 

 

C 

 

D 

 

Figure 30. Patterns of organizing physical and digital objects on the screen of the eLabBench. 

Source: (Tabard et al., 2013: p. 251-253) 

A) An exemplary snapshot of the tabletop surface. Snapshots were taken in 10 seconds-intervals during 

active periods of experimental work (Tabard et al., 2013: p. 251 f.). B) Preferred positions of physical 

objects during activities. The analysis of the recordings allowed the definition of 6 zones on the tabletop 

surface: 1. storage of physical objects between working sessions; 2. preferred position to store physical 

objects needed throughout activities; 3. preferred position to place physical objects in use; 4. area 

reserved for digital objects; 5. position of frequently used physical objects; and 6. Position of the activity 

bar (Figure 15C), where physical objects were placed less frequently (Tabard et al., 2013: p. 252 f.). C) 

Preferred areas of interaction with physical objects (Tabard et al., 2013: p. 253). D) Positions of digital 

objects occluded by physical objects (Tabard et al., 2013: p. 253). The color ranges in the heat maps 

indicate proportions of positive signals (depositions, interactions or occlusions) as percentages of the 

recorded time (Tabard et al., 2013: p. 252 f.). 

Based on the reviewed study, a tabletop system, like the eLabBench, would substantially 

increase efficiencies in biomedical research, because integration of lab and office work would 

allow scientists to carry out experiments more smoothly and save time when organizing 

activities. Consequently, significant improvements of turnaround times would be expected.  
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However, implementation of an advanced tabletop system, like the eLabBench, might be 

complicated and presumably expensive. Even though expected organizational systemic 

effects and accompanied risks of tabletop-dependent initiatives are difficult to assess (see 

section Figure 2), because of limited availability of data, the study on the eLabBench provided 

hints on possible implications. The participant, who worked with the tabletop most of the time, 

developed an unofficial ownership status, which inhibited other participants to be proactively 

using the bench and rather induced them to schedule their work depending on the one 

participant’s working habit (Tabard et al., 2012: p. 3056 f.). 

This implies that, if laboratories could profit from tabletop-dependent initiatives, multiple 

tabletop units should be installed in order to avoid conflicts that could compromise the benefits. 

In this context, the design of the eLabBench serves again as an applicable example, because 

its underlying infrastructure, which is based on a client-server model, allows multiple tabletops 

to be connected to the server which retrieves, stores and distributes activity-related data from 

and between the client applications, i.e. the eLabBench and the activityDoc (see section 2.4) 

(Figure 17) (Tabard et al., 2011: 207 f.; Tabard et al., 2012: p. 3055). 

Nevertheless, implementation of multiple tabletops based on a client-server infrastructure 

would inherit substantial challenges and costs, because of necessary lab renovations (removal 

of existing workbenches) and the introduction of new hardware running the server and tabletop 

client applications. For this purpose, teaching the IT staff or hiring additional personnel for 

maintenance and other services (e.g. cybersecurity) might also be needed. In addition, it 

should be expected that with increasing complexity of the novel systems, appropriate training 

of the research staff will also be required. Accordingly, risks related to either “Second-Order” 

changes (if single or low numbers of independent tabletops are installed) or “Third-Order” 

changes (if a client-server infrastructure needs to be implemented) are possible. 

3.5 Pipetting assistance 

At the time of its publication, the pipetting aid system reviewed in section 2.5 had been tested 

with three researchers who contributed to its development, so their feedback on the system’s 

applicability should not be considered as objective opinions (Hile et al., 2004: p. 334). Further 

testing in real experimental research situations would be necessary for evaluation (Hile et al., 

2004: p. 337 f.). Nevertheless, their preliminary user feedback supported the expectations for 

successful assistance, but also revealed some pitfalls. 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 M
as

te
ra

rb
ei

t i
st

 a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 M

as
te

ra
rb

ei
t i

st
 a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Implementation of the Reviewed Innovations: Advantages, Challenges and Risks from a Managerial Point of View 

Page | 60  

The testers stated that the system was helpful in keeping track of the pipetting steps. Especially 

the “secondary display” (Figure 21C) would be useful to discern treated and untreated wells 

after interruptions of work (Hile et al., 2004: p. 335). Besides, the concept of receiving 

directions for succeeding pipetting steps or warnings, in case of hovering over wrong wells, 

was well appreciated. Eventually, the testers reasoned to save time, because of the system 

automatically recording the session (Hile et al., 2004: p. 335). 

A technical obstacle represented the prototypic setup of the camera, which orthogonally 

observes the workbench (Figure 21B). The testers had to adapt their pipetting techniques by 

tilting the pipette more than usual, so that the camera could detect the markers on the pipette; 

this is needed in order to derive the position of the pipette tip (see section 2.5). In order to 

assure liquid transfer into the correct wells, the testers touched the walls of single wells during 

liquid dispersion. The inherent problem was occasional, erroneous detection of neighboring 

wells (Hile et al., 2004: p. 334 f.). 

The real benefits of implementing such concepts of pipetting aid systems are likely comparable 

to the advantages provided by pipetting robots (see section 2.1). The only difference between 

both is that the pipetting robot automatically executes liquid handling, whereas the user of a 

pipetting aid system still does the job manually, but in a directed or assisted manner. Therefore, 

improved turnaround times and greater reproducibility of experiments could be expected from 

implementation of such pipetting aid systems (see section 3.1). 

Its comparability to automating systems also allows some speculation about possible 

challenges in implementation of pipetting aid systems, as reviewed in this thesis. For example, 

usage might require proper training, so that users learn how to take advantage of its benefits 

(see section 3.1). Otherwise, the system remains unused and the investment would be a 

failure. Another considerable aspect, which was also mentioned in the context of 

implementation of tabletop systems, is the potential for internal team conflicts, if only one unit 

is installed (see section 3.4). 

3.6 Smartglasses 

Soon biomedical research laboratories may be revolutionized by smartglasses replacing 

ordinary safety goggles, because they have the potential to streamline processes in 

experimental research. A missing piece are reliable software applications, which still need to 

be developed. Section 2.6 reviewed recently designed prototypic applications and concepts 

demonstrating how augmented reality could be exploited to support experimental work. 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 M
as

te
ra

rb
ei

t i
st

 a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 M

as
te

ra
rb

ei
t i

st
 a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Implementation of the Reviewed Innovations: Advantages, Challenges and Risks from a Managerial Point of View 

Page | 61  

Especially the opportunity to access and navigate protocols in a hands-free manner seems to 

be highly promising. The prototype application published by Hu et al. (2015) was tested with 

“11 participants who used [Google] Glass for at least two hours a day.” (Hu et al., 2015: p. 

2106). Users appreciated to have information on active working steps in their line of sights and 

being able to interact with electronic protocols by voice interaction, since it would make them 

feel more confident and allow smoother working (Hu et al., 2015: p. 2106 f.). Some testers 

even continued using the smartglasses in office areas, for example to “check e-mails and share 

photos” (Hu et al., 2015: p. 2107). These observations suggest that smartglasses have the 

potential to bring office and lab areas together or even integrate both, similar to tabletops (see 

sections 2.4 and 3.4). In summary, smartglasses promise an increase in operational 

efficiencies. In fact, a survey of general managers and associates (e.g. scientists) of various 

industries (e.g. medical) revealed that implementation of smartglasses is taken into 

consideration. However, initiatives’ “ expected or required return on investment (ROI) of 3–5 

years” would be difficult to justify (Kim et al., 2016: p. 255). 

Justification of the ROI is probably further undermined by the several challenges smartglasses 

currently inherit. As already mentioned in section 2.6, appropriate software programs for the 

usage of smartglasses in specific operational situations are still to be developed. For example, 

the survey by Kim et al. (2016: p. 255) showed that the “integration with existing operation 

management software and IT infrastructure, and protection of security and privacy” represent 

substantial difficulties in implementation of smartglasses. Data security and privacy concerns 

were also mentioned in various evaluating studies on the usage of Google Glass in surgical 

settings (Wei et al., 2018: p. 10) and even considered as generally one of the most discussed 

issues of smartglasses (Hofmann et al., 2017: p. 707 f.). 

Other software problems are related to the usability of smartglasses. The aforementioned test 

of the prototype application with the 11 participants, published by Hu et al. (2015), points out 

challenges with both hands-free and hands-on input modalities, which developers of 

applications for smartglasses need to tackle. Testers had problems in using gestures, like 

swiping with a hand, tilting the head or blinking, in order to navigate protocols (Hu et al., 2015: 

p. 2107). Various studies on the usage of Google Glass in surgical settings reported similar 

issues (Wei et al., 2018: p. 10), which indicates problems with lighting or contrasting 

background conditions (Hu et al., 2015: p. 2106 f.). Using the touchpad as alternative also 

turned out to be problematic, if users wore gloves (Hu et al., 2015: p. 2106 f.). Eventually, the 

test indicated that, next to navigating slides or working steps of protocols, solutions for simple 

switching between slide shows and the menu are required, because testers of the prototype 
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application had to swipe through all slides in order to exit protocols and enter the menu (Hu et 

al., 2015: p. 2107). 

Apart from the problems in software development, there are also concerns regarding potential 

health issues. Conditions of, for example, headache or visual fatigue are commonly mentioned 

in literature. Even nausea because of motion-sickness is possible but is mostly associated with 

head-mounted displays (HMDs) providing full-immersive virtual reality (see section 2.8 and 

3.8) (Hofmann et al., 2017: p. 705-707; Herzog et al., 2018: p. 418 f.; Sahin et al., 2018). Since 

a wide distribution of smartglasses is still to come, only limited studies are available specifically 

addressing questions of how (long-term) usage of smartglasses (Hofmann et al., 2017: p. 705), 

or placing HMDs in front of only one eye (Figure 22), would affect visual health (Herzog et al., 

2018: p. 419). A recent study by Herzog et al. (2018: p. 425 f.) indicated that working with 

Vuzix M300 smartglasses for 4 hours impairs visual acuity and “can cause scotomas and, thus, 

impairment in the visual field and vision” (Herzog et al., 2018: p. 426). 

Considering all the unknowns of the discussed technical and health-related issues, initiatives 

for implementing smartglasses in biomedical research are indeed risky investments. Possible 

consequences could be that, despite initial curiosity, researchers may lose interest in working 

with smartglasses, as was observed during the study of the aforementioned prototype 

application (Hu et al., 2015: p. 2107). Accordingly, there is the risk that users give up working 

with smartglasses and eventually switch back to standard safety goggles. 

At this point, it should be mentioned that there are also still unknown effects on human 

behavior. For example, usage of smartglasses may change the way users interact with each 

other or influence users’ quality of activities because of the knowledge that the integrated 

electronic devices for recording and communication could be exploited for surveillance or 

monitoring purposes (Hofmann et al., 2017: p. 707-710). Both represent causes for systemic 

effects related to “Second-Order” changes (Figure 2B) (Piccoli and Pigni, 2018: p. 40 f.). In 

other words, smartglasses are expected to inherit substantial effects on employees’ 

performance. 

Overall, implementation of smartglasses promises significant improvements of efficiencies in 

biomedical research but entails high risk of failure because its effects on experimental work 

are currently difficult to assess. 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 M
as

te
ra

rb
ei

t i
st

 a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 M

as
te

ra
rb

ei
t i

st
 a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

Implementation of the Reviewed Innovations: Advantages, Challenges and Risks from a Managerial Point of View 

Page | 63  

3.7 Voice assistance 

Voice user interfaces (VUI) are integral components of smartglasses, which enable hands-free 

computing. Accordingly, voice assistance systems promise the same elementary benefit 

discussed in the context of smartglasses, i.e. the ability to access digital resources, while 

performing hands-on activities. In biomedical research, smoother execution of experimental 

work can thus be expected. Next to smartglasses, there are further technological solutions 

providing VUIs. Section 2.7 reviewed voice assistance systems designed for VUIs offered by 

laptops or Echo devices in order to access digital protocols or interact with laboratory 

instruments, respectively. 

The former, called Vitro, a prototypic voice assistance system designed to guide users through 

standard cell culture protocols was tested with five scientists (the participants had different 

levels of practical experience in cell culture techniques) (Cambre et al., 2019: p. 1535 f.). The 

goal of testing the design of Vitro with users was to discover directions for developing voice 

assistance systems (Cambre et al., 2019: p. 1531 f., p. 1539). Overall, the study revealed 

bivalent opinions of the participants about working with Vitro. For example, one user confirmed 

the benefit of receiving guidance through working steps of a protocol, while being able to 

remain focused on current activities. However, other participants seemed to overestimate the 

systems functionalities and eventually pointed out wishes of being also provided tacit 

knowledge by Vitro, for example advice on pipettes to use or hints on common mistakes. These 

findings indicated that users may perceive voice assistance either as equipment having 

specific functionalities or as a personalized tutoring system (Cambre et al., 2019: p. 1536 f.). 

The major drawbacks of voice assistance systems are probably data privacy and security 

issues. Since VUIs are reason for privacy and security issues when using smartglasses (see 

section 3.6) (Kim et al., 2016: p. 255; Hofmann et al., 2017: p. 707 f.), potential privacy issues 

represent also risk factors opposing the implementation of voice assistance systems; this is 

the case in private user environments (Cowan et al., 2017; Lau et al., 2018). In the context of 

testing Vitro in laboratories, however, study participants suggested to be less concerned about 

potential privacy issues, as they would be in the presence of commercially available voice 

assistants in private environments (Cambre et al., 2019: p. 1538). 

Nevertheless, the managerial perspective must always expect external threats, when planning 

strategic initiatives dependent on internet-of-things devices (Lee and Lee, 2015: p. 439; Piccoli 

and Pigni, 2018: p. 352-358). Depending on the underlying infrastructure and the purpose of 

implementation, external threats not only concern proprietary data. Indeed, as interconnectivity 

and computerization (internet of things) is increasingly pervading laboratories, new types of 
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risk emerge, like individual laboratory instruments becoming targets by hacker attacks (Perkel, 

2017: p. 126). For example, the design of the voice assistance system, reviewed in section 

2.7, which applies VUIs of echo devices and cloud services in order to manage laboratory 

instruments naturally raises concerns about unauthorized manipulations of linked instruments 

(Austerjost et al., 2018: p. 478-481). 

Another important pitfall of VUIs is the input modality itself. For example, voice control may 

become infeasible in loud work environments (Kim et al., 2016: p. 255). Furthermore, talking 

to a machine might distract other colleagues in close vicinity (Austerjost et al., 2018: p. 480) or 

people having conversations nearby may inadvertently activate VUIs. As already mentioned in 

section 2.7, an important drawback of Vitro turned out to be its wake word-free design, which 

substantially influenced the way participants of the study communicated, if they knew that Vitro 

would “listen”. In order to avoid unintended activation, some “participants pantomimed 

gestures and mouthed” in order to communicate with others in the room (Cambre et al., 2019: 

p. 1537). Consequently, wake words should be implemented in voice assistance designs. 

In conclusion, voice assistance for biomedical research is still in an infant stage. Comparable 

to smartglasses, software solutions are yet to be developed which cancel out the weak points 

and win the trust of potential users and organizations. Therefore, strategic initiatives dependent 

on voice assistance systems are currently difficult to imagine. The risks related to VUIs’ 

sensitivity or insensitivity to their environments could have intrusive effects on working habits 

of the personnel. In other words, systemic effects in terms of the sociotechnical theory would 

likely have negative effects on the “Person” component of any information systems which 

works with voice assistance (Piccoli and Pigni, 2018: p. 40 f.). Consequently, the risks, that 

investments in voice assistance systems for laboratories will be a failure, currently seem to 

outweigh their potential benefits of hands-free machine interaction. 
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3.8 Virtual reality 

The sections 2.1-2.7 cover technological trends of the last two decades, which can be exploited 

or were specifically designed for assistance in biomedical research. Basically, their function is 

to deliver in situ information or provide access to explicit knowledge directly at the work bench 

in order to improve turnaround times or reproducibility of experiments. Consequently, strategic 

initiatives dependent on those technologies would be expected to improve return on 

investments of research projects, as insinuated in the sections 3.1-3.7. 

Virtual reality is an emerging technology which remains to find broader adoption in industries. 

Currently, the most regular users of virtual reality constitute a subset of the customer base in 

the gaming industry, even though game-based applications of virtual reality may also be used 

for learning or education purposes (Piccoli and Pigni, 2018: p. 329). The section 2.8 reviewed 

examples of software applications for training students in experimental methodologies in virtual 

laboratories. Even though availability of studies specifically addressing effects of gamified 

training of experimental work in virtual wet labs is limited, a recent study by Bonde et al. (2014: 

p. 695 f.) indicated that applying virtual reality for laboratory training can improve trainees’ 

motivation and engagement in learning. In addition, if virtual reality was applied alone or in 

combination with lectures, significant better learning outcomes could be achieved than with 

“traditional lectures” (Bonde et al., 2014: p. 696). Since methodological errors by trainees 

remain without financial consequences in virtual environments, they could repeat activities as 

often as needed, until they feel confident enough to independently conduct basic lab routines. 

Therefore, virtual reality is expected to have the potential to indirectly improve the efficiency of 

experimental research and consequently the return on investments. 

The effect of virtual reality could be enhanced by full immersion using head-mounted displays 

(HMDs) (see section 2.8) (Figure 27B). However, HMDs can cause motion sickness (Dobie, 

2019: p. 49-51), which is the major problem opposing widespread adoption of this technology 

(Munafo et al., 2017: p. 889 f.). Motion sickness “is based on some form of sensory conflict or 

sensory mismatch between actual versus expected invariant patterns of vestibular, visual, and 

kinesthetic inputs” (Golding, 2016: p. 374). In other words, if the brain receives visual stimuli 

of movement, while the body remains still, users become sick (Golding, 2006: p. 68 f.; Golding, 

2016: p. 374). Common symptoms are nausea, disorientation, fatigue or headache, beyond 

others (Dobie, 2019: p. 49-51). Research suggests that increasing the sense of “presence” in 

virtual worlds can reduce motion sickness (Weech et al., 2019: p. 14). Accordingly, full-

immersive virtual reality using HMDs should be further enhanced by “[i]ncreasing factors such 

as intuitiveness of interaction and control of navigation” (Weech et al., 2019: p. 13). For this 
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purpose input devices, like navigation controllers, should be applied (Anthes et al., 2016: p. 7-

9; Piccoli and Pigni, 2018: p. 329-332). 

In terms of the sociotechnical theory, systemic effects of virtual reality-dependent initiatives for 

training purposes are out of question, because its value is in the preparation of personnel, i.e. 

the “People” component, for work in already established information systems of experimental 

research before actually working in that information system. In this context, virtual reality 

technology does not introduce a novel “Technology” component or affect any of the four 

components in that information system (Figure 1) (Piccoli and Pigni, 2018: p. 28-31). Instead 

different organizational processes, which were established for training personnel in lab work, 

are changed and ideally improved. 

In conclusion, it can be assumed that strategic implementations of virtual reality for the purpose 

of training new staff in lab work would build tacit, practical knowledge of lab routines in a highly 

cost-efficient way, provided that full immersion in realistic virtual laboratory environments can 

be achieved. Eventually, increases of return on investments in biomedical research through 

improved quality of experimental work are to be expected. 
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4 Conclusion 

The business of research organizations is the production of novel knowledge. They are 

successful if they deliver reproducible scientific results of high impact before the competition 

does. In order to remain competitive, they need to continuously invest in state-of-the art 

equipment. The technological innovations, which are reviewed in this thesis, all have potentials 

to effectively support biomedical research organizations in their endeavors. However, the 

review has identified none of them as mainstream so far. 

Considering the advantages and disadvantages of the reviewed assistance systems, which 

are discussed in section 3 and summarized in Table 1, a possible explanation of slow or no 

adoption could be undesired risk-benefit or cost-benefit ratios. For example, pipetting robots 

or electronic laboratory notebooks (eLNs) represent powerful solutions to enhance efficiencies 

of experiments, but implementations of both require substantial efforts and inherit high risks of 

failure (see section 2.1 and 2.3, respectively). 

All the reviewed assistance systems promise increased efficiencies, reproducibility of 

experiments and eventually higher return on investments. However, each has individual risks 

and, from an organizational point of view, all inherit systemic risks related to “Second-Order” 

changes, if they were introduced in laboratories. In other words, introduction in laboratories, 

where no comparable systems were in standard use before, the labs’ researchers, i.e. the 

“People” component according to the sociotechnical theory (Figure 1) (Piccoli and Pigni, 2018: 

p. 28-31), will be affected. The minimum requirement of adapting personnel will be training on 

the novel technologies or application software programs (Table 1). 

Next to necessary training of personnel, implementations of the reviewed innovations also 

involve substantial challenges related to integration into existing laboratory environments 

(Table 1). Especially incompatibilities with other lab equipment could represent barriers to 

adoption, as it is the case for eLNs (see section 3.3). The reviewed assistance systems are 

components of IT-dependent information systems (except for virtual reality systems) managing 

digital data, which might be generated by other information systems in the laboratory. 

Therefore, the reviewed assistance systems need to be compatible with preexisting laboratory 

equipment. Otherwise, their benefits will be compensated by inconvenient data handling. In 

worst cases, they would remain unused. 
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Table 1. Juxtaposition of the reviewed technological trends and their characteristics 

Lab assistance Advantages Challenges Risks Sections 

Automation Improved reproducibility of 
experiments 

Improved turnaround times 

Cost reduction 

High initial costs 

Reduction of personnel 

Retraining of personnel 

Change of innovation processes 

Overcrowded 
workspace 

Loss of manual 
skills 

2.1, 3.1 

Quasi-ubiquitous 
assistance  

Facilitated switching between tasks 

Facilitated data recording 

Integration with existing 
equipment 

Retraining personnel 

Overcrowded 
workspace 

Cybersecurity 
threats 

2.2, 3.2 

Electronic 
laboratory 
notebooks 

Improved reproducibility of 
experiments 

Avoidance of redundant executions 
of already performed experiments 

Facilitated demonstration of 
compliance to regulations 

Improved protection of intellectual 
property (IP) rights 

Dependency on computers 

Less intuitive than paper 
laboratory notebooks 

Retraining of personnel 

Possible incompatibility with 
existing equipment 

Higher initial and permanent 
costs, compared to paper 
laboratory notebooks 

Organizational changes: 
establishment of IT-
infrastructure 

Team members 
reluctant to 
sharing data 
could cause 
internal frictions. 

Cybersecurity 
threats 

2.3, 3.3 

Tabletops Efficient integration of lab and 
office space 

Smoother workflows and less time 
needed for organizing activities 

Improved turnaround times 

Installation of multiple units 
recommended: establishment of 
proper IT-infrastructure 

Necessary lab renovations 
(removal of existing 
workbenches) 

Retraining of personnel 

Overcrowding 
personnel 

Unofficial 
ownership status 
by individuals 

2.4, 3.4 

Pipetting 
assistance 

Improved turnaround times 

Reduced error rate 

Improved reproducibility of 
experiments 

Adaption of pipetting techniques 
possibly necessary 

Retraining of personnel 

Overcrowding 
personnel 

2.5, 3.5 

Smartglasses Hands-free access to digital 
resources 

Integration of lab and office space 

Development of appropriate 
software applications 

Integration with existing IT-
based systems 

Health issues: e.g. headache or 
visual fatigue 

Retraining personnel 

Privacy and data 
security issues 

Potential health 
issues with long-
term usage 

Users switching 
back to standard 
safety goggles 

2.6, 3.6 

Voice assistance Hands-free access to digital 
resources 

Hands-free control or manipulation 
of laboratory equipment 

Users overestimating system 
functionalities 

Loud environments preventing 
usage 

Retraining personnel 

Privacy and data 
security issues 

Distraction of 
other colleagues 
in close vicinity 

2.7, 3.7 

Virtual reality Improvement of trainees’ 
motivation and engagement 

Improvement of learning outcomes 

Methodological errors by trainees 
remain without financial 
consequences 

Motion sickness: maximization 
of presence in virtual 
environments 

Potential motion 
sickness 
preventing 
usage 

2.8, 3.8 
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Apart from high costs or risks, the benefits offered by the reviewed innovations probably do 

not serve every organization. For example, the tabletop systems reviewed in this thesis were 

inspired by needs of experimental research in molecular biology (see section 2.4). If 

laboratories of research organizations mainly perform cell culture experiments, which require 

work in biosafety cabinets, installation of multiple tabletops within those organizations does not 

make sense and implementation of single tabletops may appear less beneficial. Therefore, 

innovative research organizations designing novel technologies need to inquire the needs of 

entire research communities, instead of observing lab routines of preselected research groups. 

Otherwise, their innovations likely miss demands of broader target audiences. 

Another explanation for less interest in novel technological trends could be unawareness. For 

example, the market of eLNs is considered “oversaturated” (Kanza et al., 2017: p. 2), but there 

are indications that some potential users are even unaware of eLNs (Walsh and Cho, 2013: p. 

230 f.) or that customers have troubles in choosing an eLN (Gerlach et al., 2019: p. 262-265). 

This suggests that organizations developing or offering novel innovations often lack proper 

product communication in order to raise customer awareness. 

However, this alone cannot explain why these assistance systems have not become industrial 

mainstream in at least certain types of laboratories, because technological trends can easily 

be communicated within research communities, for example in methodological publications or 

at international conferences. In section 2.3, eLNs were identified as disruptive technologies, 

which are novel technologies “offer[ing] a different set of attributes than the technology the firm 

currently uses” and the “performance improvement rate of the technology is higher than the 

rate of improvement demanded by the market” (Piccoli and Pigni, 2018: p. 129-131). According 

to this definition, all the reviewed assistance systems are disruptive technologies because they 

offer different set of attributes and have higher performance improvement rates than the 

standard laboratory equipment, which would be replaced by them. For example, the electronic 

devices in smartglasses equip goggles with different set of attributes, compared to standard 

safety goggles (see section 2.6). Besides, the continuous increase of processing power of 

microprocessors (Piccoli and Pigni, 2018: p. 15-18) and the ability to design tailored application 

software programs, as for example to navigate protocols (Figure 23) or to annotate digital 

information to sample tubes (Figure 24), provide higher performance improvement rates than 

ordinary safety goggles. Nonetheless, current standards in research do not necessarily 

demand the ability to perform hands-free activities. 
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5 Outlook 

Presumably, the demand of future laboratories might change soon because research 

organizations will be forced to adopt new opportunities and change their innovation strategies 

in order to remain competitive (Schemel et al., 2018: p. 9). Then, successful IT-dependent 

strategic initiatives will inevitably demand higher performance improvement rates of novel 

technological solutions (Piccoli and Pigni, 2018: p. 129-131). For example, the ever-ongoing 

trend of digitalization will force research organization to change their knowledge management 

strategies, so that scientists spend less time on planning and executing experimental work and 

instead have more time for creative thinking and collaborations (Schemel et al., 2018: p. 9, p. 

14, p. 16). Therefore, breaking the barriers between lab and office areas (see section 2.4) and 

connecting laboratory instruments to the internet-of-things (see section 2.7) soon might be no 

longer a choice but a necessity. Indeed, the term “smart labs” has already been coined, which 

indicates that a new era of doing research has just started (Perkel, 2017: p. 125 f.; Schemel et 

al., 2018: p. 26-31). 
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