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Moving Forward with Digital Disruption Bohyun Kim

The Digital Meets the 
Physical and the Biological

Chapter 2

New Developments in Extended 
Reality

Extended reality (XR) is one of the new digital tech-
nologies that illustrates how the physical gets infused 
with the digital. Extended reality refers to the environ-
ments and human-machine interactions “that either 
merge the physical and virtual worlds or create an 
entirely immersive experience for the user.”1 Such 
environments and interactions are generated by com-
puter technology and wearables, which are computer-
powered devices or equipment, such as a headset or a 
pair of glasses, that can be worn by a user. Augmented 
reality (AR), virtual reality (VR), and mixed reality 
(MR) are different types of XR.2

Virtual Reality

Virtual reality is an artificial three-dimensional envi-
ronment that is created on a computer or captured 
by a video camera. It is presented through a head-
mounted display and base stations that track the user’s 
location. The head-mounted display and the base sta-
tions are both connected to a high-performance PC 
that runs VR apps. The user interacts with the virtual 
world by means of controllers. Oculus Rift and HTC 
Vive are two well-known VR systems, both released in 
2016.3 The price for these VR systems has gone down 
significantly. They can be purchased for as little as 
$400 to $500 at the time of writing. Microsoft also 
has a VR platform called Windows Mixed Reality.4 
While its name includes the term mixed reality, it is 
actually a VR platform.5 Unlike HTC Vive or Oculus 
Rift, Windows Mixed Reality headsets have inside-out 
tracking, which allows them to track the user’s move-
ments and direction without external sensors. Many 

manufacturers, such as Samsung, Acer, and Dell, are 
selling this type of VR headset for the Windows Mixed 
Reality platform.

These VR systems enable individuals to immerse 
themselves in a simulated environment, which feels 
real to explore and manipulate. Gaming and enter-
tainment are the areas where VR has become imme-
diately popular. But VR can also bring benefits to a 
number of non-gaming activities. Its immersive power 
makes VR an effective tool for activities such as learn-
ing, job training, product design, and prototyping. For 
example, teachers are using VR apps such as Google 
Expeditions and DiscoveryVR in classrooms to take 
students on virtual field trips to faraway places.6

The three-dimensional VR environment also 
brings unique advantages in creating 3-D models.7 VR 
applications for 3-D modeling—such as MakeVR Pro, 
Medium, ShapeLab, MasterpieceVR, Gravity Sketch 
Pro, and Google Blocks—allow people to create a 3-D 
object in the 3-D environment, review it, and export it 
in the .STL or .OBJ file format ready to be 3-D printed.8 
These applications enable users to import 3-D model 
files as well and modify them in the 3-D environment. 
The adoption of VR can bring interesting changes to 
product design. In 2016, BMW announced a plan to 
use HTC Vive VR headsets and mixed reality for vehi-
cle development for greater flexibility, faster results, 
and lower costs.9

The current VR technology is limited in its sup-
port for social VR experiences, however. While it 
could be great to perform certain tasks in the VR envi-
ronment, being unable to interact with others in the 
same VR environment is a shortcoming that will need 
to be overcome for VR to become fully mainstream. 
Two social VR platforms, VRChat and AltspaceVR, 
provide VR environments in which VR users can meet 
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and interact with other VR users. But the experience 
on these platforms is not yet as smooth as one would 
expect.10 Facebook, which acquired Oculus in 2014, 
introduced Facebook Spaces in 2017 and is now devel-
oping Facebook Horizon, which is to be launched 
in 2020. Mozilla also started its own browser-based 
social VR platform, Hubs in 2018.11 Whether these 
experiments will eventually lead to a more refined 
social VR experience remains to be seen.

VRChat
https://www.vrchat.net

AltspaceVR
https://altvr.com

Facebook Horizon
https://www.oculus.com/facebookhorizon/

Hubs
https://hubs.mozilla.com

Augmented Reality

Unlike VR, which creates a completely separate real-
ity from the real-life environment, AR and MR add 
information to the real world. AR is an overlay of digi-
tal content on real-life surroundings. The general pub-
lic has become familiar with AR through Google Glass 
and Pokémon Go. Pokémon Go is an AR game played 
on a smartphone. It was released in July 2016 and 
became highly popular, earning a total of $1.2 billion 
and being downloaded 752 million times by 2017.12 
Two years later, the game is still popular and widely 
played across the world.

Google Glass is a device for AR. It debuted in 
2013, and some libraries purchased and lent them to 
library users. Due to the widely raised privacy con-
cerns, Google stopped selling the prototype Google 
Glass in 2015. However, its second-generation enter-
prise edition has been adopted and tested at several 
companies such as Boeing, GE, and DHL, reducing 
processing and training time and improving produc-
tivity and efficiency.13 For example, a farm equipment 
manufacturer, AGCO, has about 100 employees using 
the custom Google Glass. With the Google Glass on, 
AGCO employees can get a reminder about the series 
of tasks they need to perform while assembling a trac-
tor engine. They can also locate and access certain 
information related to the assembly of parts. They 
can scan the serial number of a part to bring up a 
manual, photos, or videos with Google Glass. AGCO 
reported that the addition of Google Glass made qual-
ity checks 20 percent faster and also helped training 

new employees on the job.14 Google unveiled the 
Google Glass enterprise edition 2 in May 2019. This 
newer model does not look much different from plain 
eyeglasses. It costs $999 and is equipped with a faster 
quad-core 1.7 GHz CPU processor, an 8-megapixel 
camera, a 640 × 360 optical display, a microphone, 
a speaker, a multitouch gesture touchpad, 3 GB RAM, 
and 32 GB storage.15 The new Google Glass enterprise 
edition 2 is sold for corporate users only.

AR is also being adopted in education. A system 
called zSpace provides a suite of AR applications 
developed specifically for learning.16 It consists of a 
computer, a pair of 3-D glasses, and a pen. The edu-
cational applications available for zSpace help people 
to learn in categories of K–12 education, career and 
technical education, and medical education. zSpace 
provides a way for multiple people to experience AR 
at the same time, although the control is still limited 
to one person.

It is to be noted that many more smart glasses are 
now coming to the consumer electronics market. Some 
have only a few simple features and basically function 
as a combination of a fitness tracker, a notification dis-
play, an earphone, and a still and video camera.17 But 
other smart glasses, such as Vuzix Blade and North 
Focals, are designed to be more like a smartwatch, 
closer to the way Google Glass works, allowing people 
to use functions and apps, which include instant mes-
saging, maps and directions, Alexa, Google Assistant, 
Yelp, and Uber.18

Vuzix Blade
https://www.vuzix.com

North Focals
https://www.bynorth.com

Interesting developments in AR are also taking 
place with Google Lens. Google Lens is the camera-
based AR technology that started supporting the 
Android smartphone’s camera app in 2017. At the 
2019 Google I/O conference, Google introduced AR 
search powered by Google Lens.19 Using a compat-
ible Android and iOS device, such as an iPhone or 
an Android smartphone, people can now see a 3-D 
object in their search results and view it as if it were 
in their immediate surroundings in real-life scale 
through the device’s camera. It is not difficult to see 
that many businesses, such as furniture stores, will 
be motivated to provide 3-D files of their products 
to be available for AR search because such files can 
vastly improve their customers’ shopping experience. 
Google Lens can also find and suggest similar items 
to buy when people see something they like, whether 
it is a shirt, a chair, or a handbag. Achieving the same 

http://alatechsource.org
https://www.vrchat.net/
https://altvr.com/
https://hubs.mozilla.com/
https://www.vuzix.com/
https://www.bynorth.com/


10

Li
b

ra
ry

 T
ec

h
n

o
lo

g
y 

R
ep

o
rt

s 
al

at
ec

hs
ou

rc
e.

or
g 

Fe
b

ru
ar

y/
M

ar
ch

 2
02

0

Moving Forward with Digital Disruption Bohyun Kim

result by running a conventional web search would 
be much slower.

Google Lens
https://lens.google.com

With the help of rapidly advancing research 
in artificial intelligence (AI) and computer vision, 
Google Lens is capable of performing real-time trans-
lation and object identification. It scans and translates 
texts, allows one to look up words and copy and paste 
them, adds events to one’s calendar, and calls a phone 
number. These features can come in handy on many 
occasions. For example, at a restaurant, one can not 
only translate the menu but also look up dishes and 
even find out which ones are popular from the reviews 
and photos from Google Maps, using the Google Lens 
feature on a compatible smartphone. While traveling, 
one can point the camera of a smartphone at a popu-
lar landmark and find out its hours and historical facts 
associated with it. Buildings and other landmarks are 
not the only items that Google Lens can identify. It 
also identifies plants and animals.

As its name suggests, Google Lens provides a lens 
through which the world can be viewed augmented 
and enriched with digital information. This will make 
the physical and digital worlds more integrated and 
enmeshed with each other. Currently, Google Lens 
operates through the camera on a smartphone, but 
once integrated with the future models of smart 
glasses or other wearables, it will open up a whole 
new way for us to interact with the physical world.

Mixed Reality

Mixed reality (MR) is a combination of VR and AR. It 
allows one to view and interact with the real physi-
cal world and digital objects by mixing them together. 
Mixed reality is a term originally created to describe a 
digital environment named ProtoSpace developed by 
NASA’s Jet Propulsion Laboratory in 2016. ProtoSpace 
is a multicolored CAD-rendering MR program that 
allows engineers to build an object that feels and acts 
like a real object. It is used to find flaws in the design 
before a physical part is built.20 MR has been around 
for a while, but it is not yet as well known to the pub-
lic as VR and AR.

The Microsoft HoloLens is likely the most widely 
known MR headset.21 It is a self-contained holographic 
computer contained in a headset and can not only proj-
ect virtual objects into the real world but also produce 
real-life-like interactions by mapping the user’s envi-
ronment as a three-dimensional mesh. Scopis, adver-
tised as “a mixed-reality interface for surgeons,” is a 
medical image guidance system that provides an MR 

overlay through the Microsoft HoloLens.22 A surgeon 
wearing the HoloLens headset gets guidance from 
Scopis through spinal and other complex surgeries.23 
It improves the accuracy and speed of the surgery.24

Microsoft released the HoloLens 2 in November 
2019 with a price of $3,500.25 The HoloLens2 comes 
with a much larger field of view and better ability to 
detect physical objects in comparison to the HoloLens 
1. It is also equipped with a multitude of sensors, 
speakers, and a camera. Just like the Google Glass 
enterprise edition, the HoloLens 2 is available for 
industrial use only.26 It will not be available to general 
consumers. The development edition also requires a 
monthly subscription fee of $99.27

Magic Leap is another MR headset.28 Unlike the 
HoloLens, it is connected to a small hip-mounted 
round computer that handles the primary data and 
graphics processing and comes with a controller. Its 
personal bundle version is sold for $2,295. Another 
MR device, Meta 2, is a headset tethered to a con-
ventional computer. It was released in late 2016 to 
developers with a much lower price of $949, but is no 
longer produced because the company shut down in 
early 2019. 29

The examples and new developments in VR, AR, 
and MR technologies described above show that, while 
still at an early stage, the adoption of XR has begun 
in a variety of areas including education, health care, 
manufacturing, aviation, engineering, shopping, and 
even search, blurring the lines between the physical 
and the digital. VR is becoming more and more com-
mon in entertainment and gaming. In the world of 
advanced MR, interacting with digital and physical 
objects would be nearly indistinguishable.

The early development of the AR Cloud, a real-
time machine-readable three-dimensional map of 
the world, is also in progress.30 The AR Cloud is to 
serve as a kind of shared spatial screen that enables 
multiuser engagement and collaboration in the AR 
environment. It is thought to be an important future 
software infrastructure in computing comparable 
to Google’s PageRank index and Facebook’s social 
graph.31 By combining the digital and the physical 
world in a seamless manner, XR has the potential to 
transform people’s activities both online and offline 
into something completely new. It will be a while until 
compelling XR applications and experiences become 
available, but today’s XR is certainly moving beyond 
the stage of experimental prototyping.32

Currently, most libraries are focusing on provid-
ing VR equipment and space, so that library users can 
experience VR firsthand.33 VR equipment and spaces 
are often placed in library makerspaces, but some aca-
demic libraries have a separate immersive VR envi-
ronment as well as spaces and equipment optimized 
for visualization work that facilitate and enhance the 
learning, teaching, and research experiences of their 

http://alatechsource.org
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students and faculty.34 While most libraries that have 
adopted VR and AR currently allow users to experi-
ence commercially available VR or AR content, some 
libraries may begin to create their own VR or AR con-
tent in the future. When that happens, we may see 
library-specific VR and AR applications that enable 
library patrons to interact with the physical library 
environment for specific events, such as a summer 
reading challenge or a library scavenger hunt.

Big Data and the Internet of Things

Big Data

Another technology trend that is blurring the lines 
between the physical, digital, and biological spheres 
is Big Data and the Internet of Things (IoT). Accord-
ing to a report by Watson Marketing, approximately 
2.5 exabytes (EB) of data are currently being created 
every day.35 More than 17 billion connected devices 
are in use worldwide, and 7 billion of them are IoT 
devices.36 International Data Corporation estimates 
that the number of those IoT devices will increase 
to 41.6 billion by 2025, which, in turn, will generate 
79.4 zettabytes (ZB) of data.37

Big Data is often characterized by 3 Vs: high-
volume, high-velocity, and high-variety. Here, high-
volume refers to the scale of petabytes, exabytes, yot-
tabytes, and zettabytes.38 An example of high-velocity 
is Twitter, an Internet service whose data is created 
by its users. Every second, an average of about 6,000 
tweets are posted, amounting to more than 350,000 
tweets per minute and 500 million tweets per day.39 
That is a lot of data generated in just one day. Big 
Data is also high-variety, meaning data of many dif-
ferent types, such as text, audio, video, and financial 
transactions, that originate from a variety of sources, 
including electronic health record systems, global 
position systems (GPS), fitness trackers, set-top cable 
boxes, social media, emails, and various kinds of self-
reporting sensors.

Big Data isn’t about data alone, however. No mat-
ter how much data one accumulates, that data would 
have no value unless it is analyzed to bring new 
insight. For this reason, Big Data is defined as “high-
volume, high-velocity and/or high-variety informa-
tion assets that demand cost-effective, innovative 
forms of information processing that enable enhanced 
insight, decision making, and process automation.”40 
The tools and technologies for storing, retrieving, and 
analyzing today’s high-volume, high-velocity, and 
high-variety data are an indispensable component of 
the Big Data trend. As Dale Neef, author of the book 
Digital Exhaust, wrote, what makes Big Data differ-
ent from just more data is the ability to apply sophis-
ticated algorithms and powerful computers to large 
data sets to reveal correlations and insights previously 

inaccessible through conventional data warehousing 
or business intelligence tools.41 To an organization, 
tapping into Big Data means capturing and collect-
ing both human- and machine-generated data related 
to its activities; analyzing such data to identify cor-
relations and patterns to discover new insights; and 
utilizing those correlations, patterns, and insights to 
benefit the organization.

The Internet of Things

The Internet of Things (IoT) is an important contribu-
tor to Big Data because it generates a large volume of 
machine-to-machine data. Simply put, IoT is the net-
work of uniquely identifiable things—that is, objects 
virtually represented on the Internet. IoT consists of 
sensors and actuators embedded in physical objects 
connected to the Internet.42 The network of those sen-
sors and systems captures, reports, and communicates 
data about their environments as well as their own 
performances and interacts with those environments. 
A smartwatch, a smart thermostat, a Fitbit, and an 
Amazon Alexa are all examples of IoT devices.

Depending on their requirements, IoT devices 
fall into two categories: critical IoT and massive IoT. 
Critical IoT refers to sensor networks and systems 
that relate to critical infrastructure at a corporate 
or national level; it includes devices that require 
high network availability and low latency. On-board 
controls for an autonomous vehicle and the national 
energy and utility infrastructure are examples of such 
critical IoT.43 Massive IoT, on the other hand, refers 
to systems and applications with a very large num-
ber of devices equipped with sensors and actuators, 
which send data to a cloud-based platform on the 
Internet. Those devices are less latency-sensitive and 
require low energy to operate. Wearables (e-health), 
asset tracking (logistics), smart city and smart home, 
environmental monitoring and smart metering (smart 
building), and smart manufacturing (monitoring, 
tracking, digital twins) are the areas where such mas-
sive IoT applications can be developed and deployed.44

Radio frequency identification (RFID) systems 
have been long viewed as a prerequisite for the IoT 
because they allow machines to identify and control 
things in the real world. In an RFID system, an object 
with an RFID tag can be identified, tracked, and 
monitored by the RFID reader. The activities of RFID 
tags and readers are initiated by an RFID application, 
which collects and processes data from RFID tags. An 
RFID system creates digital representations of physi-
cal objects, and as a result, it is a good example of an 
IoT system.

An IoT system usually has three layers: the percep-
tion layer, the network layer, and the service layer (or 
application layer).45 In the perception layer, informa-
tion about the physical world is captured and collected 
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by sensors, wireless sensor networks, tags and reader-
writers, RFID systems, cameras, GPS, and so on. The 
network layer provides data transmission capability. 
The service layer, also known as the application layer, 
processes complex data through restructuring, clean-
ing, and combining; provides services such as facility 
management and geomatics; and transforms informa-
tion to content for enterprise application and end users 
in areas such as logistics and supply, disaster warning, 
environmental monitoring, agricultural management, 
production management, and so forth.46

The Impact of Big Data and the Internet  
of Things

How will Big Data and the IoT will change our lives? It 
is likely that the IoT infrastructure will be built slowly 
over many years. But the fully realized IoT can eventu-
ally connect all physical objects in the real world and 
allow us to detect, track, and control them digitally 
through their online representations. Furthermore, 
those connected physical objects will be able to com-
municate with one another to perform more sophisti-
cated and complex tasks based upon the information 
received. This type of machine-to-machine commu-
nication and cooperation will significantly increase 
the degree of automation in the real world. In such a 
world, a smart refrigerator can alert you to buy milk 
when it runs out or even place an order to your pre-
determined grocery store, so that you can pick it up. 
A home entertainment system will automatically pur-
chase movies that you would enjoy based upon your 
preferences and play them for you. Even energy grids 
will be kept at their optimal states thanks to a large 
amount of detailed sensor data collected, analyzed, 
and promptly acted upon.

The more physical objects are brought into the 
IoT, the more digital data they will generate. The Big 
Data phenomenon is likely to continue since such 
massive amounts of data need to be collected, stored, 
retrieved, analyzed, and acted upon on an ongoing 
basis. The quickly advancing Big Data tools and tech-
nologies related to data storage, retrieval, and analyt-
ics will help make the IoT infrastructure of the world 
more robust and complete.

Today’s IoT adoption and utilization are not yet 
close to this full realization. But many researchers 
in library and information science have proposed a 
variety of IoT applications for libraries. Those propos-
als include location information and services inside 
a library, a system for managing study room seating 
and library resource utilization, an intelligent energy-
saving lighting control system, a library data resource 
object model and the process of library personalized 
information service management, and a library noise 
information storage system.47 But in the present at 
least, the most common type of IoT technology utilized 

at libraries is RFID. Many libraries now attach RFID 
tags to the materials in their collections. This allows 
them to implement self-checkout and to automate 
tasks such as shelf-reading, inventory, and handling of 
materials upon their return. RFID tags can, however, 
be used for purposes beyond inventory management.48

Along with the Big Data trend, academic libraries 
have been adding data-related services and support 
as part of research support. As government funding 
agencies, such as the NIH and NSF, have mandated 
data management plans in grant applications and 
public access to data from federally funded research 
projects, libraries started helping researchers with 
research data management plans and educating them 
about the need to make research data findable, acces-
sible, interoperable, and reproducible (FAIR).49 Many 
libraries also operate their own data repositories and 
provide data storage and archiving. Data services 
librarians assist faculty, students, and researchers 
with identifying relevant data sets for their projects, 
advise on appropriate data management practices, 
and perform tasks such as data set acquisition, data 
curation and dissemination, and data-related consul-
tation and instructional support.50

As the Big Data and IoT trends mature, libraries and 
librarians will be asked to play a larger role in devel-
oping a variety of data-related support, services, pro-
grams, and other educational offerings, systems, and 
applications. Libraries may be asked to take on man-
aging, storing, and preserving massive real-time data 
sets.51 There will be an increasing demand for library 
professionals who are knowledgeable and skilled in 
data analytics. As more sensors and smart things are 
introduced to and integrated with the library in both 
its services and operation, innovative new ways to 
serve library patrons and to achieve a higher level of 
operational efficiency are also likely to emerge.52

It is easy to see how the IoT blurs the lines 
between the physical and the digital. The IoT aims 
to create a digital layer over our physical world. In 
the mature stage of the IoT, things in the world will 
be digital as much as physical. Full connected to the 
Internet and with one another, smart things will con-
tinuously engage in machine-to-machine communica-
tion and cooperation. This will enable them to operate 
much more intelligently, thereby reducing the need 
for human control or intervention. Naturally, all such 
smart objects, which would be basically everything in 
the world when the IoT is fully realized, will generate 
a massive amount of data. The infrastructure and the 
networking capability to capture, process, and store 
such a massive amount of data will be critical. This 
is how the IoT will accelerate the Big Data trend, and 
the massive amount of data from IoT devices will in 
return fuel future developments in artificial intelli-
gence (AI), and machine learning in particular, where 
massive data sets are required to train algorithms.

http://alatechsource.org
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Synthetic Biology and  
3-D Bio-Printing

So far, we have seen how extended reality and the 
Internet of Things blur the lines between the physical 
and the digital. Now, let’s take a look at how biologi-
cal processes are being transformed to be more digital 
with genetic circuits and biological parts.53

Synthetic Biology

Today’s digital computer is an electronic device that 
stores, retrieves, and processes data. The data pro-
cessing takes place in the CPU (central processing 
unit), a microchip usually made of silicon. A computer 
program is a set of instructions for the computer hard-
ware to perform particular operations. These opera-
tions all boil down to manipulating bits, the small-
est unit of digital data in a computer—namely 0s 
and 1s. Synthetic biologists are interested in making 
a biochemical process, such as DNA/gene synthesis 
and the creation of proteins, more akin to computer 
programming.

Synthetic biology studies how to program cells 
using synthetic genes. With that, synthetic biologists 
want to make biological parts, devices, sensors, and 
chemical factories, which in turn can be used to build 
pharmaceuticals, renewable chemicals, biofuels, and 
food. They view a ribosome, which creates proteins in 
a cell, as a molecular machine. Ribosomes read a set 
of synthetic genes, in which the amino acid sequences 
of a protein are encoded. The genes give ribosomes 
the instructions for how to build proteins. In that 
sense, genes and ribosomes are analogous to pro-
grams and a machine that together produce an out-
put. Cells, where ribosomes reside, can be regarded 
as tiny factories equipped with molecular machinery 
that produces chemicals.

The first synthetic life form, JCVI-syn1.0, was cre-
ated in 2010 by an American biotechnologist, J. Craig 
Venter, and his team.54 The DNA code of the replica of 
the cattle bacterium Mycoplasma mycoides was written 
on a computer, assembled in a test tube, and inserted 
into the hollowed-out shell of a different bacterium. 
The genome assembly process required stitching 
together eleven 100,000 base-pair DNA segments into a 
complete synthetic genome and propagating as a single 
yeast artificial chromosome.55 The synthetic genome 
then encoded all the proteins required for life, which 
means the DNA “software” built its own “hardware.” 
This process of converting a digitized DNA sequence 
stored in a computer file into a living entity capable 
of growth and self-replication cost roughly $40 million 
and countless worker-hours. In 2019, a team of scien-
tists at the Medical Research Council Laboratory of 
Molecular Biology, a research institute in Britain, suc-
ceeded in synthetizing the complete genome of E. coli, 

named Syn61. JCVI-syn1.0 had a total of approximately 
1 million base pairs (1079 kb). Syn61 has a total of 4 
million base pairs (4 Mb) of synthetic DNA sequence 
swapped in the native chromosome.56 This is the larg-
est synthetic genome created to date.

The speed and the cost of DNA sequencing and 
DNA synthesis are important factors in taking syn-
thetic biology to a larger scale. Sequencing DNA 
allows researchers to, so to speak, read the instruc-
tions of how to construct a biological part, which is a 
building block of life. In turn, DNA synthesis enables 
them to write new genetic information by replicating, 
modifying, and creating genes. These are the most 
basic steps in synthetic biology. But DNA sequencing 
and synthesis are time-consuming and expensive.

In digital computing, Moore’s Law—that the num-
ber of transistors on integrated circuits doubles about 
every two years while the cost halves—has been 
shown to be valid. This phenomenon has drastically 
lowered the cost of computing over the years. Some 
synthetic biologists are now hoping for a similar trend 
to surface in DNA sequencing and DNA synthesis.57 
While it remains to be seen if this hope will be real-
ized in the near future, the ability to quickly read 
and write DNA at a lower cost will make it possible 
to identify and catalog standardized genomic parts. 
Those biological parts will be used and synthesized to 
quickly build novel biological systems, redesign exist-
ing biological parts and expand the set of natural pro-
tein functions for new processes, engineer microbes 
to produce enzymes and biological functions required 
to manufacture natural products, and go as far as 
designing and constructing a simple genome for a 
natural bacterium.58

The drop in the cost of DNA sequencing and DNA 
synthesis will facilitate and accelerate developments 
in synthetic biology, such as the manipulation of 
organisms into bio-factories for producing biofuels, 
the uptake of hazardous material in the environ-
ment, and the creation of biological circuits.59 Since 
microorganisms are small and require only a small 
amount of energy to operate, the ability to program 
cells and biological processes to produce specific out-
puts with precision will usher in a truly new era of 
manufacturing.

3-D Bio-Printing

Synthetic biology is not limited to synthetizing DNA 
molecules and proteins. Today’s researchers are using 
the novel bio-printing technology to build whole cells, 
tissues, and even organs. This brings biology even 
closer to the digital realm. In 2016, regenerative med-
icine scientists at Wake Forest Baptist Medical Center 
succeeded in printing living tissue structures using a 
specialized 3-D bio-printer. Researchers were able to 
bio-print ear, bone, and muscle structures that further 
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matured into functional tissue, which developed a 
system of blood vessels when implanted in animals.60 
This means that in the future, patients with injured or 
diseased tissues can receive new living tissue struc-
tures that would replace the injured or diseased ones.

The way bio-printing works is not drastically dif-
ferent from the way a common 3-D printer works. Bio-
printing is an additive manufacturing technology of a 
physical 3-D object. As such, it creates a three-dimen-
sional object layer by layer. However, a bio-printer 
uses bio-ink, which is organic living material, while a 
common 3-D printer uses a thermoplastic filament or 
resin as its main material. Bio-ink is a combination of 
living cells and a compatible base, like collagen, gela-
tin, hyaluronan, silk, alginate, or nanocellulose. This 
base is a carrier material that envelops the cells. It 
provides nutrients for cells and serves as a 3-D molec-
ular scaffold on which cells grow.61

Bio-printing can be done by different methods, 
such as extrusion, ink jet, acoustic, or laser. But 
regardless of the specific method used, a typical bio-
printing process goes through the common steps of 
3-D imaging, 3-D modeling, bio-ink preparation, 
printing, and solidification.62 3-D imaging uses the 
exact measurements of the tissues supplied by a CT 
or MRI scan. Based upon this information, a blueprint 
is created, which includes the layer-by-layer instruc-
tions for the bio-printer. Suitable bio-ink is prepared 
next. After that, this material is deposited layer by 
layer by the bio-printer and goes through the solidifi-
cation process, producing functional tissue or even an 
organ. Researchers are currently working on ways to 
bio-print a human heart, kidney, and liver. In 2018, 
scientists at Newcastle University bio-printed the first 
human cornea.63

Synthetic biology’s vision to repurpose living cells 
as substrates for general computation has so far mani-
fested itself in genetic circuit designs that attempt to 
implement Boolean logic gates, digital memory, oscil-
lators, and other circuits from electrical engineering.64 
Biological circuits and parts are not yet sufficiently 
modular or scalable. Nevertheless, synthetic biology 
holds a key to the potential future in which electron-
ics and biology become fungible and matter becomes 
programmable.65 When this happens, the function of a 
mechanical sensor, for example, may be performed by 
bacteria, and those bacteria may function in connec-
tion with electronics and computers. In such a future, 
living organisms and nonorganic matter will interface 
and interact with each other seamlessly. One day, we 
may well use living organisms to produce materi-
als, and living organisms may serve as an interface 
for everyday electronics. When developments in the 
areas of computational design, additive manufactur-
ing, materials engineering, and synthetic biology are 
combined, the result will truly blur the line between 
the physical, the digital, and the biological.

DIYbio, Citizen Science, and Libraries

Synthetic biology inspired the citizen science and 
the DIYbio movement, which resulted in many local 
DIYbio communities and biohackerspaces. At biohack-
erspaces, the public can learn about and pursue bio-
technological solutions that solve everyday problems 
without being professional scientists or affiliated with 
a formal wet lab.

The DIYbio movement refers to the new trend of 
individuals and communities studying molecular and 
synthetic biology and biotechnology without being 
formally affiliated with an academic or corporate 
institution.66 DIYbio enthusiasts pursue hobbyist biol-
ogy projects, some of which may solve serious local or 
global problems. Those include testing for melamine 
contamination in milk and developing an affordable 
handheld thermal cycler that rapidly replicates DNA 
as an inexpensive diagnostic. A biohackerspace is a 
community laboratory that is open to the public where 
people are encouraged to learn about and experiment 
with biotechnology. A biohackerspace provides people 
with tools that are usually not available at home but 
often found in a wet lab, such as microscopes, Petri 
dishes, freezers, and PCR (polymerase chain reaction) 
machines that amplify a segment of DNA and create 
many copies of a particular DNA sequence.67 Cur-
rently, the DIYbio website lists more than a hundred 
such DIYbio communities and biohackerspaces.68 A 
biohackerspace democratizes access to biotechnology 
equipment and space and enables users to share their 
findings with others. In this regard, a biohackerspace 
is comparable to a makerspace and the open-source 
movement in computer programming.

A biohackerspace that involves chemicals and bio-
logical matter is not something that existing libraries 
can adopt as easily as a makerspace. However, librar-
ies can work together with local DIYbio communities 
and biohackerspaces to advocate for scientific literacy 
and educate the public. It is also possible for librar-
ies to partner with local DIYbio communities and 
biohackerspaces to host talks about biotechnology or 
promote hands-on workshops where people can have 
the experience of doing science by participating in a 
project, such as building a gene.69 A libraries’ reading 
collection focused on biohacking could be introduced 
to interested library patrons. Libraries can contribute 
their expertise in grant writing or donate old comput-
ing equipment to biohackerspaces. Librarians can also 
offer their expertise in digital publishing and archiving 
to help biohackerspaces publish and archive their proj-
ect outcomes and research findings. These are all rela-
tively untapped areas for libraries, which nevertheless 
hold great potential to raise the level of overall science 
literacy in the communities that libraries serve.
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