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Human-Biology Interaction (HBI) is a field that aims to provide first-hand experience with living matter and the modern life-sciences to the lay public. Advances in optical, bioengineering, and digital technologies as well as interaction design now also enable real and direct experiences at the microscale, such as with living cells and molecules, motivating the sub-field of “micro-HBI.” This is distinct from simulating any biological processes. There is a significant need for HBI as new educational modalities are required to enable all strata of society to become informed about new technologies and biology in general, as we face challenges like global pandemics, environmental loss, and species extinctions. Here we review this field in order to provide a jump-off point for future work and to bring stakeholder from different disciplines together. By now, the field has explored and demonstrated many such interactive systems, the use of different microorganisms, new interaction design principles, and versatile applications, such as museum exhibits, biotic games, educational cloud labs, citizen science platforms, and hands-on do-it-yourself (DIY) Bio maker activities. We close with key open questions for the field to move forward.
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INTRODUCTION AND CONCEPTS

Humans exist in a close relationship with nature, and various inter-species interactions with macroscopic animals and plants have long enriched our lives. Meanwhile, modern life sciences and biotechnology are dramatically transforming our society—similar to the impact of information technology over the past few decades (Riedel-Kruse et al., 2011). These advancements provide new opportunities for humans to access living systems such as cells at the microscopic scale. Moreover, such first-hand experiences are also needed to inform the general public about biotechnology, life-sciences, medicine and ecology, and the current COVID-19 pandemic or loss of terrestrial biodiversity (Riedel-Kruse et al., 2011; Lockee, 2021). Hence Human-Biology Interaction (HBI) (Figure 1A) has emerged as a new interdisciplinary field (Lee et al., 2015a), conceptually related to Human-Computer Interaction (HCI), which aims to provide the general public with first-hand experiences of living matter (Figure 1B). While interactions with macroscopic living organisms (e.g., plants and animals) is often straightforward and requires minimal technology, interactions between humans and microscopic living matter such as protists, bacteria, viruses and DNA is accomplished with the help of modern optical, biological and digital technologies that facilitate inter-scale and cross-modality interactions. These conceptual and technical aspects merit particular attention and have therefore motivated the sub-field of “micro-HBI.” Note that these works are distinctly different from simulations and virtual realities (Loparev et al., 2017), as the presence and interaction of truly living biological material is at its core (Riedel-Kruse et al., 2011), while concepts of augmented and mixed reality are incorporated (Lam et al., 2020).


[image: Figure 1]
FIGURE 1. Overview of key concepts of micro-HBI: (A) Interactive Microbiology: Human actions affect microbiological systems such as cells, and their responses are delivered back to humans; these interactions typically require mediation through digital, optical and bioengineering technologies (Riedel-Kruse et al., 2011; Gerber et al., 2016b). (B) Example of an interactive installation that allows a human to interact in real-time with the living microorganism Euglena gracilis by projecting the human body outline as light into the microscope and eliciting a photophobic Euglena response (red arrow), and all of which is then projected onto a larger screen to provide interactive feedback to the human (Lam et al., 2019; Lee et al., 2020). (C) Concept of the biotic processing unit (BPU) (Gerber et al., 2016b) that provides well-defined digital interaction with the microbiological system, i.e., a biological system (Euglena cell) is housed and can be stimulated and measured. Via a control computer, a user interface enables real-time interaction between human and microbiological systems; interaction design guidelines are therefore important to provide a robust and desired user experience (Gerber et al., 2016b).


The early works in the domain stem from a longstanding BioArt tradition, where many artworks were created from the artist's interaction with microscopic biological matter like bacteria (Osthoff, 2001) or cultured cells (Bakkum et al., 2007). In addition, in the HCI field, the concept of living media (Cheok et al., 2008) was introduced to augment digital systems by using biological matter as a user-interface modality. Then, direct and real-time interactions between human users and microorganisms and/or biochemical processes were proposed and also demonstrated in the form of biotic games for entertainment and education (Riedel-Kruse et al., 2011). In the meantime, citizen science platforms such as EteRNA enabled playful interactions with RNA folding questions while also providing experimental feedback within a few days (Lee et al., 2014; Koepnick et al., 2019). During the development of micro-HBI, the framework of biotic processing units (BPU) (Figure 1C) enabled more flexible and robust engineering and design for exploring various applications such as museum exhibits (Lee et al., 2015a) and cloud labs (Hossain et al., 2015), eventually leading to a first set of best practices regarding HBI design, technology and ethics (Harvey et al., 2014; Gerber et al., 2016b).

Since then, the field has been growing rapidly with an increasing number of stakeholders from various disciplines. HBI systems for various purposes have been pursued including, but not limited to, education (Hossain et al., 2016; Washington et al., 2019), entertainment (Kim et al., 2018a; van Eck and Lamers, 2018), art and installations (Kuznetsov et al., 2018; Lam et al., 2019; Lee et al., 2020) and as a new modality for interaction (Alistar and Pevere, 2020; Merritt et al., 2020; Pataranutaporn et al., 2020; Ofer et al., 2021). In addition, dedicated user studies for HBI have been undertaken (Hossain et al., 2017b; Lam et al., 2019), providing more insight into the design of micro-HBI systems. We also witnessed a number of papers proposing related and overlapping concepts and terminology (some supported by practical work, while others were rather conceptual), for example, “Internet of Biotic Things (IoBT)” (Kim et al., 2018b), “Living Bits” (Pataranutaporn et al., 2020), “BioBits” (Huang et al., 2018; Stark et al., 2018), interactive biodesign (Gough et al., 2021), empathetic living media (Cheok et al., 2008) and living media interfaces (Merritt et al., 2020).

Due to the interdisciplinary nature of the field, the growth has often been horizontal rather than building upon each other. The field is becoming rich in concepts and speculative designs, making it difficult to obtain a comprehensive view of what has already been previously accomplished. In addition, advances in enabling technologies, design methodologies based on thorough user studies, and practical applications and use-cases are comparably overlooked. In this short review, we aim to outline the key concepts of micro-HBI, and we introduce and highlight some noteworthy work in the field as identified through an in-depth literature search. To move the field forward, we focus this review on the enabling technologies, design insights and ethical guidelines, ultimately suggesting future directions.



NOTABLE PRIOR WORK

To list and introduce notable prior works in micro-HBI, we categorized them based on the application types and the end goals (Figure 2). We identified at least four major (partially overlapping) applications areas, i.e., education and scientific inquiry, art and play, human-computer interactions, and living and programmable materials.
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FIGURE 2. Key aspects of micro-HBI and illustrative examples: (A) Bioware (Biological materials including stimuli and responses): (i) RNA folding (EteRNA) (Lee et al., 2014); (ii) Protein folding (Foldit) (Eiben et al., 2012); (iii) Fungi growth (Mould Rush) (Kim et al., 2019); (iv) Euglena (swarm) photo-bioconvection (Biographer) (Gerber et al., 2016a); (v) Physarum chemotaxis (Turn-based cloud lab) (Hossain et al., 2015); (vi) Euglena (multicell) phototaxis (LudusScope) (Kim et al., 2016); (vii) In vitro fluorescent protein expression (BioBits) (Stark et al., 2018); (viii) Chemical detection through smell and fluorescence (BioBits) (Huang et al., 2018); (ix) Mechanical fluorescent activation with dinoflagellates (Hopscotch game) (Ofer et al., 2021); (x) Bacterial deposition via light (Biofilm Lithography) (Jin and Riedel-Kruse, 2018); (xi) Paramecium galvanotaxis (biotic games) (Riedel-Kruse et al., 2011); (xii) Euglena (single cell) phototaxis (microfluidic Pac-Man maze) (Lam et al., 2020). (B) Hardware (“biotic processing units”-BPUs): (i) Light-projector and optics microscopy (Lee et al., 2015a); (ii) LEDs and low-cost smartphone microscope (Kim et al., 2016); (iii) LEGO pipetting robot and flatbed scanner (Hossain et al., 2015); (iv) LEGO pipettor (Gerber et al., 2017); (v) Portable incubator/plate reader (Stark et al., 2018); (vi) Multimodal swarm programming (LED, projector, microfluidic maze) (Lam et al., 2017). (C) User Interfaces: (i) Touchscreen (Lam et al., 2019); (ii) Full-body interaction (Lam et al., 2019); (iii) Microscope operation (Lam et al., 2019); (iv) Passive observation (Lam et al., 2019); (v) Web-based user interface for cloud lab (Hossain et al., 2016); (vi) Direct programming interface for liquid handler control (Gome et al., 2019). (D) Interaction Design Rules: Specific design rules need to be followed to match the time and length scales of the macroscopic human actions with the microscopic biological responses (Gerber et al., 2016b).


The integration of real biological experiments and modeling for educational and scientific inquiry purposes was achieved with real-time interactive and turn-based cloud labs (Hossain et al., 2015, 2016). These systems were accessed in K-12 and university class-room settings as well as through massive open online courses (MOOCs) (Hossain et al., 2016, 2017a; Hossain and Riedel-Kruse, 2018) for their educational outcomes. In hands-on settings, such activities can also be viewed as augmented, interactive microscopy (Kim et al., 2016), contrasting the traditional passive (including the more recent virtual) educational microscopy (Wilson et al., 2016). The citizen science games such as EteRNA and Foldit enabled folding predictions of RNA and protein molecules with real experimental feedback (Lee et al., 2014; Das et al., 2019). Do-it-yourself biology (DIY bio), synthetic biology such as “BioBits” and low-cost equipment provide accessible platforms for education, engineering biological matter and artistic expression (Kuznetsov et al., 2012; Huang et al., 2018; Stark et al., 2018).

Various artistic and playful applications have been demonstrated and others have been proposed (“conceptual design”), many of which have also overlapped the same system or even within the same activity: Open-ended play and rule-based play (Riedel-Kruse et al., 2011; Lee et al., 2015a; Kim et al., 2016; Lam et al., 2020), museum or public installations (Lee et al., 2015a, 2020; Lam et al., 2019), bioart (Kuznetsov et al., 2018), and sonification of microbiological behavior (Riedel-Kruse et al., 2011).

In the HCI field, many digital systems also continued to employ microbes as a part of the interface media (Alistar and Pevere, 2020; Merritt et al., 2020). In these examples, the major purpose of living media was to reinforce psychological factors and enrich the human user's experience. Cheok et al. (2008) showed that living matter can promote human empathy during engagement with digital systems, and Alistar and Pevere (2020) proposed using bacteria as tangible media to deliver information using human senses such as smell and touch. Beyond the interface media, efforts to develop digital systems have focused on the inter-species interaction between humans and microbes for ecological, educational and entertainment purposes (Chen et al., 2021; Ofer et al., 2021). These systems take the non-anthropocentric design approach that includes microbial life as an important stakeholder in the system rather than as a component of the system to be controlled and utilized (Lee et al., 2020).

Many other applications have been considered, such as interactive biocomputation, swarm robotics (Lam et al., 2017; Washington et al., 2019) and sensing, which further connect to the fields of hybrid living and living smart materials (Pataranutaporn and Lyle, 2018; Smith et al., 2020) and where self-assembly (Glass and Riedel-Kruse, 2018) or biofilm lithography (Jin and Riedel-Kruse, 2018) of adhesive cells may provide micro-LEGO bricks. Additionally, a wide range of more macroscopic applications exist such as wearables and clothing (Yao et al., 2015; Nguyen et al., 2021) as well as hybrid living materials (Smith et al., 2020). Other speculative future applications include food and health applications (Huang et al., 2018; Stark et al., 2018).



MICROBIOLOGY, TECHNOLOGIES, AND INTERFACES

The design of interactive microbiology systems needs to focus on at least three major components, i.e., the biological subject matter (“bioware”) (Figure 2A), the biotic processing units that both maintain and interface with the biological matters (“hardware”) (Figure 2B), and the interaction modalities and interfaces for humans (“user interface”) (Figure 2C).

Different types of microscopic materials and stimulus modalities (“bioware,” Figure 2A) have been demonstrated single-celled organisms such as Euglena (Hossain et al., 2016), paramecia (Riedel-Kruse et al., 2011), dinoflagellates (Ofer et al., 2021) and bacteria (Alistar and Pevere, 2020; Chen et al., 2021), multicelled organisms such as the slimemold physarum (Hossain et al., 2015), molecules like RNA and DNA (Stojanovic and Stefanovic, 2003; Riedel-Kruse et al., 2011; Lee et al., 2014), cell collectives (Riedel-Kruse et al., 2011; Gerber et al., 2016a), and fungi (Kim et al., 2019) have been incorporated, and others such as viruses (Kim, 2021) have been proposed. Stimulus modalities included chemicals (Riedel-Kruse et al., 2011; Hossain et al., 2015), light (Lee et al., 2015a; Hossain et al., 2016), and electric fields (Bakkum et al., 2007; Riedel-Kruse et al., 2011), and mechanical mechanisms (Ofer et al., 2021). Euglena gracilis (Figures 1B,C) has been proven to be particularly amenable for real-time HBI as it is easy to purchase and culture long term. Furthermore, it has a very robust directional negative phototaxis movement (swimming speed of ~50 μm/s, reaction time of ~0.5 s) as well as many other interesting responses to various light stimuli (Gerber et al., 2016a; Lam et al., 2017; Tsang et al., 2018), its comparably large (length of ~50 μm) and colorful characteristics facilitate an easy and pleasant microscopy experience, and it is already in wide educational use (Oswald and Kwiatkowski, 2011). When choosing biological materials to work with, a number of considerations should be followed (Gerber et al., 2016b), especially regarding the desired response type, response time and response robustness for the desired interactivity; the particular application, e.g., education or art, also further defines these choices. As a stimulus, light is particularly advantageous given its speed and ease of control (Lam et al., 2017). While genetically engineered or “synthetic organisms” have not yet been appreciably deployed toward HBI (Huang et al., 2018), they hold promise for tailoring desired interactions even further.

The biological material needs to be housed, maintained, stimulated, and observed (“hardware,” Figure 2B). Therefore, it is necessary to distinguish between hands-on and one-time only activities with logistics similar to classic educational experiments (Gerber et al., 2016a; Kim et al., 2016) and long-term robust activities spanning over days to months that subsequently require a significant degree of robustness and automation (Lee et al., 2015a; Hossain et al., 2016; Lam et al., 2019). In particular, microfluidic technology (Merrin, 2019; Rackus et al., 2019) with various state measurements on the quality of the biological material, feedback to correct for the desired behavior, and parallelization of multiple systems have been proven to be effective over weeks in a demonstrated real-time interactive biology cloud lab (Hossain et al., 2016; Hossain and Riedel-Kruse, 2018). Nevertheless, further improvements are desirable. Overall, advances in open source electronics, such as Arduino and Raspberry Pi and simple webcam microscopes and associated optics provide low-cost and effective technologies for setting up such systems (Hossain et al., 2016; Kim et al., 2016). Microfluidic technologies are not yet as accessible and user-friendly as DIY digital and electronic technologies, although they are steadily improving (Gerber et al., 2015; Rackus et al., 2019). More complex spatio-temporal motion control of cells has been achieved through structured microfluidic chips (such as a Pac-Man maze) and spatial light fields (Lam et al., 2017, 2020). Robotics technology based on LEGO or DIY systems is also enabling (Hossain et al., 2015; Gerber et al., 2017; Gome et al., 2019; Fuhrmann et al., 2021); i.e., turn-based biology cloud labs with activities spanning days have been demonstrated utilizing such robots (Hossain et al., 2015). Ultimately, it would be desirable to establish biotic processing units (BPUs) (Figure 1C) that house microbiological material and enable its stimulation and observation through well-defined, digital interaction channels — in close analogy to electronic central processing units (CPUs) or graphics processing units (GPUs) (Gerber et al., 2016b; Lam et al., 2017; Washington et al., 2019).

Many interface modalities for human users have been demonstrated (“user interface,” Figure 2C). These modalities include touch screens (Lee et al., 2015a,b; Lam et al., 2019), smartphones (Kim et al., 2016), joysticks (Riedel-Kruse et al., 2011; Kim et al., 2016), full-body and motion detection (Lam et al., 2019; Lee et al., 2020), and web-interfaces (Hossain et al., 2015, 2016). Accessibility to different user groups has been achieved through museum installations (Lee et al., 2015a), cloud labs (Hossain et al., 2016), and hands-on DIY approaches (Kim et al., 2016). In these various forms of interaction, the system may guide human users to perform designed activities under predefined rules and purposes (e.g., games, experiments), or the system can also be configured to mediate free-form interactions and open play where users may need to devise their own ways to experience the system (Lee et al., 2015a). Regarding human senses, most interactions utilize natural human visual perceptions, but others have been explored such as smell (Riedel-Kruse et al., 2011; Huang et al., 2018) or sound (indirectly through sonification) (Riedel-Kruse et al., 2011). Different interaction time scales were demonstrated, ranging from real-time interactions (Lee et al., 2015a; Hossain et al., 2016; Kim et al., 2016) to longer timescales, such as the slow biotic game “Mould Rush” (Kim et al., 2018b) and turn-based cloud labs (Hossain et al., 2015).



USER STUDIES, DESIGN INSIGHTS, AND BEST PRACTICES

A growing list of specific interaction design rules have been established (Gerber et al., 2016b; Kim et al., 2020) (Figure 2D). Some of the micro-HBI systems have already been paired with user studies, some even in a controlled fashion. Most of these studies focused on formal and informal education (Kuznetsov et al., 2013; Lee et al., 2015a; Hossain et al., 2016, 2017b; Lam et al., 2019). A few themes and corresponding evidence emerged from these studies: Attitude changes toward science, improved access to biology experimentation for poorer and underprivileged communities through cloud labs, accessibility even for small children due to touchscreens or full-body experiences, and stimulation of prolonged engagement and interactions among multiple users. Users expressed agency and playfulness (“I liked playing around with the online microscope”), and valued the real biology interactions compared to simulations (and the synergistic combination of both) (“using a real microscope is more exciting than using a computer simulation”). A more dedicated comparison museum study (Lam et al., 2019) investigated different interaction modalities with microbial biology, and reported a positive interest in these biological cells due to direct microbial interactions via full-body experiences or touchscreens, whereas the more traditional approach of only controlling the microscope with a joystick even led to loss of interest for some users.

A unique aspect of HBI is the variability (randomness, noise) that exist in the biological matter. Due to this biological variability, not all cells respond identically to the same stimuli, and the responses also vary over time, which can be viewed as glitches in the system but can also serve to entertain and to further convey that this is a real biological system and not a simulation (Kim et al., 2019; Lee et al., 2020). In designing user activities with clear goals (such as a game), striking a balance to control these variations to enable a robust interaction experience while also utilizing them to convey a sense of realness and authenticity to the biological processes is necessary.

HBI also raises potential ethical questions to the designers and the users. These concerns have significant conceptual overlap with other bioethical discussions (Harvey et al., 2014), such as the ethical principles established in the domain of plant/animal interactions (Mancini, 2011; Aspling et al., 2016) and the ethics discussions in the BioArt domain (Stracey, 2009). Related arguments have also been made regarding a non-anthropocentric design approach for human-plant interactions (Fell et al., 2020). The raised concerns often also stem from a misunderstanding of the microscopic biological subject matter (Harvey et al., 2014). Given the non-sentient nature of these microbiological systems, many of these concerns are usually straightforward to address. Nevertheless, these concerns should be taken seriously when designing such systems to engage the public in a positive and supportive manner (Harvey et al., 2014; Merritt et al., 2020; Pataranutaporn et al., 2020; Gough et al., 2021).

Overall, these user studies as well as various exploratory projects revealed a number of prominent features compared to existing modalities to engage with microbiology; in particular, these user studies subsequently revealed a growing set of design rules and general design principles that should be considered when macroscopic humans interact with microscopic living matter (Gerber et al., 2016b; Fell et al., 2020; Merritt et al., 2020; Pataranutaporn et al., 2020; Gough et al., 2021). In addition to more general HCI design principles (Shneiderman, 2016), the following warrant consideration: (i) Biological behavior and responses need to be sufficiently robust, (ii) the interactive time and length scales between microscopic biology and macroscopic humans need to be matched (Figure 2D), (iii) the biological variability should be managed but also embraced as a feature, (iv) the activities should convey that this is real biology and not a simulation, (v) potential safety and ethical aspects need to be addressed, and (iv) the specific audience and application needs to be considered.



DISCUSSION AND OPEN QUESTIONS

The field of micro-HBI is now well over a decade old, with the number of contributors from different fields steadily increasing. Significant advancements have been made regarding technology and interaction design. Furthermore, a large application and design space has been explored (Figure 2). These detailed developments are driven for multiple reasons; i.e., technology is advancing (such as DIY microfluidics, electronics and optics), the field has achieved a large number of demonstration and use cases to highlight its versatility, creative potential and overall feasibility have been demonstrated, and the need for society-wide formal and informal education on these subject matters is established. We suggest that the field should now move beyond conceptual papers and speculative design and focus on more practical advancements and real world applications. In particular, recommendations include enabling technology that is practical, robust, and accessible, and that enables versatile design; endeavors aiming to solve practical needs, such as large-scale education, while also including future business models; and actual user studies that are performed to drive design principles. We conclude key focus points that would drive the field forward:

1. Can we have HBI systems that fully automate long-term and robust interactivity with microbes? (Hossain et al., 2016)

2. Can we safely and ethically use synthetic or genetically modified organisms? (Stark et al., 2018)

3. How can we manufacture, deploy and even personalize HBI systems at scale? (Hossain et al., 2017b)

4. Can HBI have the same social and economic impact as predecessor technologies such as electronic video games? (Gerber et al., 2016b)

5. Can HBI make contributions for citizen science? (Lee et al., 2014; Das et al., 2019)

6. Can HBI implement more complex genres of inorganic counterparts, such as real-time strategy games? (Das et al., 2019)

7. Can we have a commercially available (general purpose) platform (“BPU”) that is accessible and upon which others can design, e.g., a mini-game or Tamagotchi-like system? (Gerber et al., 2016b)

8. How can we more effectively bring different fields of expertise together, especially bioengineers, microbiologists, human-computer interaction designers, as well as stakeholders such as educators or the gaming industry? Should there be a dedicated conference on this subject matter?

In conclusion, the argument has been made that micro-HBI might undergo a similar exponential path as its computational counterparts (Gerber et al., 2016b). However, whether that will happen likely significantly depends on standardized and easy-to-use technology of sufficient robustness (e.g., BPU-Figure 1) that would open a large design space, enable killer applications (such as medical diagnostics), and support the engagement and curiosity of scientists/engineers, artists, and the general public.
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