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A B S T R A C T   

It is known that discrete events causing extreme societal and economic pressures as well as technological op
portunity are major driving factors of innovation. Due to the presence of both of these factors during the COVID- 
19 pandemic it was hypothesized that there would be significant on-going innovation throughout society during 
the pandemic, with many of the innovations having the ability to have long-term societal impact. Analysis of 
literature and patent databases determined sectors of accelerated innovation to include manufacturing, personal 
protective equipment and digital technologies. The ability of flexible and advanced manufacturing technologies 
to provide more adaptable production capabilities that are less susceptible to disruption, make it likely that these 
technologies will be incorporated further, changing the way many manufacturing firms operate. Collaboration 
has increased, demonstrating increases in problem-solving efficiency; however, concerns around intellectual 
property is likely to reduce the long-term impact of these procedural changes. Advancements in personal pro
tective equipment and disinfection technologies may have the long-term impact of reducing waste production 
and triggering changes in cleaning protocols throughout society. Digital technologies such as telemedicine, data 
collection, artificial intelligence and communication technologies were found to have undergone significant 
innovation, with possible impacts such as large-scale systemic shifts, and changes in how governments, corpo
rations, the scientific community and the public interact.   

1. Introduction 

It has previously been shown that the majority of innovations are 
developed in response to discrete events and new technological oppor
tunities [1]. In this context, innovation is defined as a creative response 
requiring the commitment of resources to the development of new 
products or processes [1]. The coronavirus disease 2019 (COVID-19) 
pandemic can be assumed to be a discrete event that has caused pres
sures that are known to drive innovation such as declines in profit, 
increased demand of specialized products, and supply chain disruptions 
[1]. This pandemic has also occurred at a time of technological oppor
tunity, due to progressive on-going research in fields such as advanced 
manufacturing, robotics, and digital technologies and the inception of 
their corresponding implementation into various sectors of society. As 
the impact of the COVID-19 pandemic has expanded well beyond the 
boundaries of the healthcare system, societal and economic impacts of 
the pandemic have influenced every aspect of individuals’ lives across 
the globe [2]. Policies imposed due to the pandemic including 

mandatory quarantines, physical distancing, and travel limitations have 
transformed daily life, disrupting educational institutions, large and 
small corporations, and governmental institutions [2–4]. Considering 
the combination of these factors, it was hypothesized that the COVID-19 
pandemic would be a driving force of innovation throughout society, 
with many of the innovations demonstrating the potential for long-term 
impact. 

In order to explore the impacts of COVID-19 on innovation a 
literature-based output approach was used. Literature and US and Ca
nadian patent database searches were conducted with the World Health 
Organization’s (WHO) declaration of the COVID-19 pandemic (March 
11, 2020) selected as a start date [5]. Results from the literature and 
patent databases searches were then sorted based on their field of impact 
and categories with a significant number of contributions were further 
analyzed. This search demonstrated that in the medical field, research 
related to COVID-19 diagnosis, treatment, drug development and vac
cine production is ongoing at an unprecedented rate [6,7]. Within five 
months of SARS-CoV-2 being discovered, there were over 200 therapies 
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in development, with 38 having reached clinical trials [7]. Although the 
importance of this medical research cannot be overstated, much of this 
research was considered to be limited in long-term social impact, 
separate from its use in combating COVID-19. The increased rate of 
research and innovation related to diagnosis and treatment has been 
documented and will not be further discussed here; however, in 
reviewing this literature, innovation related to the operation and 
collaboration of companies involved in this research became evident 
and is discussed [7,8]. The literature and patent searches demonstrated 
that other sectors undergoing significant innovation included advanced 
manufacturing technologies, personal protective equipment, and digital 
technologies. As innovation in these fields have the ability to have 
long-term societal impact these categories were selected for further 
analysis and discussion. 

At this point in the pandemic, society is beginning to adapt to the 
new normal; however, there has been little time to reflect on long-term 
impacts of on-going innovation. As analysis of major historical innova
tion often relates major technological shifts to the evolution of econo
mies and societies, it is important to take the time to consider how 
current innovation related to a significant current event may have long- 
term societal impacts [1]. This work aims to provide an overview of 
innovative procedures and technologies implemented during the 
pandemic and provide a starting point in analyzing the possibility of 
long-term societal impact of these innovations. 

2. Manufacturing 

Societal and economic impacts significantly altered consumer de
mand for various items with crisis-critical goods (PPE, diagnostic tests, 
ventilators etc.) becoming a global priority [8–10]. In order to adapt to 
the change in demand, many manufacturing companies were driven by 
governmental order, need to retain profitability, or willingness to pri
oritize public health, to shift production focus and methodology [3,8]. In 
doing this, large scale manufacturing companies demonstrated an abil
ity to leverage their resources and specialized knowledge, and cooperate 
with competitors in order to support healthcare systems [8,11]. How
ever, new entrants into manufacturing of crisis-critical goods were not 
limited to large manufacturing companies [8,12,13]. Many educational 
institutions, smaller corporations, and hobbyists became involved in 
manufacturing efforts to meet healthcare demands for certain products, 
often by leveraging advanced manufacturing techniques such as 3D 
printing [11,14]. 

2.1. Organizational shifts 

In order to meet healthcare systems’ demand for crisis-critical 
equipment large-scale manufacturing shifts in production were 
required [8,11]. Manufacturers from sectors including automotive, 
aerospace, home appliance, fashion and luxury goods have all become 
involved in the production of these critical goods [8]. Companies with 
specialized manufacturing equipment, relevant expertise, or with flexi
ble/diverse technology and resources all adapted to the circumstances 
and prioritized the production of products required to protect global 
health [8]. Other firms contributed by forming new collaborations, 
sharing their intellectual property, pledging to keep intellectual prop
erty related to COVID-19 available until the end of the pandemic, or 
providing open source designs [8]. Research groups, small organiza
tions, and individuals with access to resources that could be applied to 
production also became voluntarily involved with fabrication of 
in-demand products as they prioritized healthcare [8,12]. All of these 
shifts demonstrate creative methods of adapting to uncertain 
circumstances. 

Many manufacturing firms possess diverse and advanced equipment 
integrated as part of their normal manufacturing process [11]. Having 
access to the flexible technological capability provided by this equip
ment has demonstrated its importance in recent months, as it allowed 

organizations to shift production to focus on providing unprecedented 
levels of many specialized healthcare products [11]. This was illustrated 
by manufacturers previously involved in the production of chemical, 
luxury, and alcoholic goods as many were able to leverage their tech
nological capabilities to efficiently shift focus to the production of san
itizers and disinfectants [8]. For example, Louis Vuitton voluntarily 
decided to modify its perfume production lines to produce hand sani
tizer, to be delivered free to health professionals, while distilleries across 
the globe modified their production lines to develop alcohol disinfec
tants and sanitizers [15,17]. The companies involved in these initiatives 
were not limited to international conglomerates, as much smaller busi
nesses, such as Eight Oaks Farm Distillery, a family-owned distillery 
located in Pennsylvania, was one of the first distilleries to become 
involved in hand sanitizer production [17]. 

In a similar way, textile companies became involved with producing 
critical care products, as brands such as Zara, Prada, and Gucci switched 
production to development of protective face masks and medical gowns 
[18–20]. Individuals also became heavily involved with the production 
of PPE for health professionals. For example, Hackney Wick Scrubs Hub, 
a grass-roots project started by four women, has now provided over 
3800 sets of scrubs to healthcare professionals as well as a template for 
the fabrication of basic PPE for public production [21]. 

The responsiveness of these companies and initiatives was made 
possible due to access to adaptable technology and expertise both on 
large and small scales [22]. As many corporations are struggling to 
maintain profitability during the COVID-19 pandemic and are unable to 
shift their production capabilities, it is likely that more organizations 
will look into implementing flexible technologies into their production 
process in the future [22]. This shift toward more advanced 
manufacturing technologies to allow for greater manufacturing flexi
bility could have a lasting impact on society by causing a shift in the 
skills required in different career paths. Automation has already 
replaced many manufacturing jobs in industries such as automotives, 
while increasing the demand for skills related to programming and 
equipment maintenance. Further implementation of flexible 
manufacturing equipment will require flexible workers, able to adapt to 
the development of a wider range of products [23]. This could lead to 
manufacturing firms that actively adapt to demand on a daily basis, 
allowing for smoother interactions between supply and demand. These 
organizational shifts also represent a shift in corporate ideologies, as 
many of the fabricated products were provided for free, demonstrating 
that the shift in production was not driven by a profit mentality. This 
change in corporate mentality is even more evident when looking at the 
increase in collaboration and cooperation between various 
organizations. 

2.2. Collaboration 

Due to the pathology of COVID-19, the pandemic caused global de
mand for ventilators to increase beyond global supply [24]. In the UK, 
the government required the production of over 15 000 new ventilator 
units [25]. In order to meet this demand, the UK Ventilator Challenge 
was developed, and a consortium of over 60 entities including industrial, 
technical and engineering firms was formed [25]. While some of the 
companies involved in the consortium contributed through providing 
increased manufacturing capacity, part sourcing, and technology for 
assembly, other collaborators focused on the production and improve
ment of technology related to non-invasive breathing aids [24]. For 
example, Dyson demonstrated its ability to apply its specialized 
knowledge of air flow in vacuums to the production of ventilators, and 
successfully invented a novel ventilator in 10 days [26]. 

Development related to the formulation of vaccines and treatments 
for COVID-19 has required unparalleled collaboration between phar
maceutical companies and research institutions. An example of this is 
the ChAdOx1 consortium, led by the Jenner Institute [27]. This con
sortium is focused on the production of an adenoviral vaccine, and 
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includes entities such as Cobra Biologics, Rocky Mountain Laboratories, 
Halix BV (Netherlands) and Oxford University, and is funded by UK 
Research and Innovation (UKRI), and the Chinese Academy of Medical 
Sciences among others [27]. Other collaborations related to the pro
duction of vaccines include Clover and GSK, with GSK benefitting from 
Clover’s large-scale manufacturing capacity, and Clover benefitting 
from access to GSK’s protein-based vaccine candidate [28]. Oxford 
University is also collaborating with the Memorial Sloan Kettering 
Cancer Center, the University of British Columbia, PostEra, and Enamine 
to develop new drug therapies for COVID-19 [29]. Collaborations 
related to diagnostic testing and monitoring such as the collaborations 
between Bosch Healthcare Solutions (Germany) and Randox Labora
tories (Northern Ireland) have led to the production of advanced 
point-of-care diagnostic tests, some of which are able to deliver results in 
under 3 h [30,31]. 

Previously, many of the organizations involved in consortiums such 
as the UK Ventilator Challenge were direct competitors, constantly 
vying to be the first to produce new findings and products; however, in 
the circumstances of a global pandemic these manufacturing firms have 
demonstrated an increasing willingness to collaborate. This ideological 
shift has led to increased research and production efficiency, as 
research-focused organizations often lack large-scale manufacturing and 
testing abilities, and manufacturing organizations often lack the specific 
knowledge required for advanced research and the manufacture of 
products outside of their normal domain. The societal impact of the 
maintenance of these collaborative attitudes beyond the conclusion of 
the COVID-19 pandemic could lead to more efficient research in other 
fields as the strengths of both research and manufacturing organizations 
are combined to allow for development of highly effective solutions to 
global problems. However, it is considered unlikely that these collabo
rative attitudes will be sustained to a similar degree once governmental 
and societal pressure decreases, though this crisis does indicate that the 
application of these pressures can lead to collaborative global action. 
Currently, some organizations have expressed concerns related to the 
protection of intellectual property once the pandemic concludes [8]. 

2.3. Advanced manufacturing techniques 

While the formation of consortiums and increased collaboration was 
able to increase production rate, the pandemic has also provided a 
driving force for the implementation of more advanced manufacturing 
technologies [11,22]. Not only do more advanced manufacturing tech
niques have the ability to increase production rate, they also limit the 
number of individuals required for the manufacture of goods [11]. In the 
circumstances of a pandemic, this helps limit viral transmission by 
increasing physical distancing, which further helps to reduce production 
disruptions due to infectious diseases [11,32]. For example, use of 
artificial intelligence and wireless connectivity in the manufacturing 
sector, along with advanced robotics, allows for fully autonomous 
manufacture of goods [11]. Production lines incorporating advanced 
technologies are adaptable allowing for more efficient shifts in response 
to changing circumstances [11,22]. Challenges with implementation of 
these technologies include advancing the technological capabilities to 
the required level of autonomy, improving wireless communication 
systems to allow for the required data transfer, and ensuring that the 
equipment is modularized and flexible to allow for widespread appli
cation [33]. 

During the COVID-19 pandemic, 3D printing technologies have been 
identified and utilized as an innovative approach for solving many of the 
critical supply shortages and improving on current technologies and 
processes [11,14]. 3D scanning technologies may use white or blue light, 
with blue light providing better precision due to increased ability to 
filter interference [34]. These technologies provide the ability to design 
customized products in real-time, while 3D printing technologies allow 
for production of products on-site and on-demand by a wide-range of 
individuals and corporations due to the accessibility of 3D printing 

technologies [11,35]. 3D printing and 3D blue-light laser scanning have 
been implemented for the production of customized fitted masks, 
improving contact pressure and ensuring a better fit (Fig. 1) [36,37]. 

As COVID-19 is most commonly transmitted via respiratory droplets, 
a perfect seal is required to protect healthcare professionals working in 
high-risk areas [38]. Due to recent research into 3D-printable materials, 
various thermoplastic elastomeric materials are available for mask 
production [14,39,40]. Face shields have also been printed using 3D 
technology to meet demand [14]. RAISE3D along with researchers at the 
University of North Carolina have created a protocol for home printing 
of face masks using transparent, lightweight materials, allowing anyone 
with a 3D printer to contribute to the production of crisis-critical sup
plies [40,41]. 

Other areas where 3D printing has been applied to meet demand 
include in vitro models, COVID-19 specimen collection kits, ventilator 
valves, and ventilators themselves [14,42]. While swabs can be fabri
cated from printable materials, fully 3D printed biosensors are currently 
being researched [14,43]. These advanced biosensors would provide 
rapid and inexpensive point-of-care diagnostic abilities which would be 
highly beneficial in resource-limited settings such as pandemics [43]. 
Mologic, a developer of rapid diagnostic technologies in the UK, has 
developed hand-held diagnostic technology, capable of providing results 
within 10 min that is fabricated through use of 3D printing [44]. In Italy, 
volunteers produced ventilator valves through 3D printing in order to 
combat shortage of the critical ventilator accessory, while Volkswagen 
(VW) identified 3D printing as a method for producing ventilators [45, 
46]. As VW has 125 industrial 3D printers at its disposal, the automaker 
was able to fabricate a wide range of products with the provision that it 
was provided with a design [46]. 

Advanced manufacturing technologies have become an area of focus 
for research, innovation, and implementation due to the economic and 
societal pressures imposed by the COVID-19 pandemic; however, there 
has been some concern over the quality and regulation of goods pro
duced via 3D printing. Governments have outlined various standards 
and policies to better guide production; however, regulatory enforce
ment may be weak during time constrained settings [47]. Due to this, 
products produced may not consistently provide the protection required 
by healthcare professionals; however, implementation of autonomous 
and intelligent manufacturing has been highlighted as a method to 
protect workers and reduce future production line disruptions, while 
increasing manufacturing flexibility. Specifically, 3D printing technol
ogies have been used to fabricate a wide range of products including face 
masks, face shields, elements of diagnostic tests, and ventilators. As 
access to 3D printing technology has increased in the last decade to be 
relatively widespread, users of 3D printing technology have ranged from 
individual hobbyists to large corporations. As the economic impact 
caused by the COVID-19 pandemic has generated significant interest in 
the implementation and use of advanced manufacturing technologies, it 
is likely that these technologies will be implemented and incorporated 
into society at an accelerated rate post-pandemic. This may have a 

3D Blue 
Light Laser 
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Computer 
Aided 
Design

3D 
Prin�ng Fit Tes�ng

Fig. 1. 3D scanning and printing pathway for customized face masks.  
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long-term impact on manufacturing and society, as individuals will be 
able to become involved in the manufacture of goods. This pandemic has 
also initiated the development of regulations for 3D printed goods in 
various sectors, which will open new manufacturing opportunities for 
corporations. Table 1 summarizes the discussed impacts of COVID-19 on 
manufacturing ideologies and technologies. 

3. Personal protective equipment and disinfection 

Frontline healthcare workers are at a high risk of exposure to COVID- 
19, and as such must wear effective PPE such as masks, face shields, and 
respirators in order to avoid infection [13]. Much of the PPE currently 
used by healthcare professionals is meant to be disposed of after one use, 
and as such healthcare workers have required a large supply of PPE and 
have generated a large amount of waste [48]. Many governments have 
also recommended or mandated the use of masks by the general public 
further adding to demand [49,50]. While many organizations have 
focused on new methods of producing PPE in order to meet demand, 
other entities have focused on improving the technology currently in use 
[37,51–53]. 

N95 respirator masks, which are required by healthcare pro
fessionals in high-risk environments are personalized, fit-tested, and 
have a filter which is meant to be disposed of after each use [13,54]. The 
rapid depletion of these masks and filters during treatment of infectious 
diseases leads to resource constraints that put health care workers at risk 
[13]. As the demand for these healthcare grade masks has significantly 
increased with the COVID-19 pandemic many organizations have 
developed projects focused on the development of N95 alternatives that 
are reusable [53–55]. One such project is Stanford University’s Pneu
mask which is focused on the production of a reusable full-face snorkel 
mask in order to reduce demand of N95 respirator masks [55]. A team at 
the University of Saskatchewan (U of S) also became involved with the 
3D printing of masks as alternatives to the N95 masks required by 
health-care workers [56]. Prototypes of the U of S designed masks, 
which uses a flexible liner to allow for the mask to conform to different 
faces, is being tested by medical personnel for comfort, fit and quality 
[56]. 

Other innovations related to mask technologies have included the 

design of new masks, such as a protective oculo-respirator that covers 
the nose, eyes and mouth, that can be washed and disinfected, as well as 
masks that screen the wearer for coronavirus [51,57]. Investigation into 
methods of reuse of N95 masks has also been undertaken by research 
teams across the globe. Cobalt-60 gamma irradiation, steam steriliza
tion, and ultraviolet germicidal irradiation have all been investigated as 
decontamination techniques that allow for mask reuse with mixed re
sults [58–60]. While successful decontamination procedures would 
currently help reduce mask demand and further protect health care 
personnel, research and innovation in mask design will help to reduce 
healthcare waste moving forward. 

Many of the procedures currently used to treat more severe symp
toms of COVID-19 are high-risk, aerosol generating procedures [61]. 
Aerosol generating procedures, such as ventilation and intubation, put 
health care workers at greater risk, due to the requirement of close 
contact and the formation of greater volumes of aerosolized droplets, 
which are postulated to be the main form of transmission of COVID-19 
[61,62]. In order to protect health care personnel from infection dur
ing high-risk procedures, protective tent-like structures have been 
developed [61]. These low-cost “corona curtains” help protect health 
care professionals by reducing the spread of aerosolized droplets, 
allowing for aerosol generating procedures to be completed at lower risk 
to the health care worker [61]. 

Significant research and innovation have also been seen in the field 
of disinfecting procedures. As infectious respiratory droplets exist in the 
air and can deposit on surfaces, disinfection is required in order to 
reduce spread of the disease [62]. Procedures such as germicidal ultra
violet air disinfection, which has shown effectiveness in reducing 
tuberculosis, influenza, and measles transmission, has been recom
mended for application in reducing the spread of COVID-19 [13,63]. 
Other organizations have worked to deploy disinfection robots that use 
hydrogen peroxide vapor and/or ultraviolet light to disinfect surfaces 
[52,64,65]. These robots have been deployed in hospitals and other 
high-risk areas to decontaminate entire hospital rooms including 
high-touch surfaces such as bed rails, trays and call buttons [52]. The use 
of robots helps decrease possible exposure of cleaning staff and the 
general public while also ensuring rigorous and effective decontami
nation [52]. 

Table 1 
Summary of manufacturing adaptations and technological implementation.  

Adaptation Field Cause Highlights Concerns Ref. 

Organizational Shifts Chemical Sanitizers Efficient adaptation to changing circumstances and 
demand was made possible by incorporated flexible and 
diverse manufacturing technologies 

Requirement of advanced 
modularized equipment and a 
capable information network 

[8,11,12, 
15–22] Disinfectants 

Textile PPE 
Grass Roots PPE 
Automotive Ventilators 
Aerospace Ventilators 
Home Appliance Ventilators 

Collaboration Ventilators Manufacturing 
Capacity 

Ideological shift of businesses leading to increased 
willingness to collaborate in order to solve 
international problems 

Intellectual property concerns after 
the conclusion of the pandemic 

[8,24–31] 

Part Sourcing 
Assembly 
Novel Devices 

Vaccines/Drugs/ 
Diagnostics 

Specialized 
Knowledge 
Testing Capacity 
Production 
Capacity 
Funding 

Advanced 
Manufacturing 
Techniques 

Intelligent 
Manufacturing 

Autonomous 
Production 

Allows for greater protection of workers while reducing 
supply chain and production disruptions 

Regulatory concerns regarding 
products developed through 3D 
printing 

[11,14, 
22,32–47] 

3D Printing On-Demand 
Production 
Customization 
Specialized 
Products 
Grass Roots 
Initiatives  
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PPE and disinfecting procedures are important components of 
combatting infectious diseases such as COVID-19. As the pandemic 
caused unprecedented demand, and resources became limited, research 
and innovation were required to combat supply shortages. Advance
ments in PPE technology allows for greater protection of healthcare 
workers and reduces demand and waste. Healthcare personnel are being 
further protected through the invention of new devices that reduce the 
spread of aerosolized droplets during high-risk procedures. Healthcare 
systems have also adapted to the circumstances by implementing 
advanced disinfection procedures and technologies. The incorporation 
of improved PPE technology and disinfection technologies will remain 
long after the COVID-19 pandemic concludes, helping to protect 
healthcare professionals and patients in the future while reducing the 
production of medical waste. Outside of the healthcare field, the 
implementation of air disinfection technologies will likely be investi
gated further for applications where air is recirculated and individuals 
are in close proximity, such as air travel. Widespread use of disinfection 
technologies to other institutions such as governmental and educational 
institutions may also become more common-place as society becomes 
more conscious of disease transmission. Table 2 summarizes the dis
cussed research and innovation of PPE and protective alternatives. 

4. Digital technologies 

With governmental policies forcing offices, businesses, educational 
institutions, and some medical facilities to close, societal pressure has 
driven the innovative use and implementation of digital technologies in 
order to maintain some sense of normalcy and human connection [4,12, 
32,67]. Due to governmental policies related to physical distancing and 
gathering limits, many individuals have had to adapt to remote work 
and virtual communication, increasing society’s reliance on digital 
technologies [2,4,32,67]. This increased reliance has led to greater 
general acceptance of digital technologies by society in many aspects. 

Telemedicine, which had been struggling to find a foothold due to 
various regulatory and financial issues has become widely integrated 
and accepted [68,69]. New programs and apps have been developed and 
implemented for use in data collection, disease tracking, and epidemi
ological modelling, while artificial intelligence has been implemented in 
diagnosis and sorting technologies [8,70,71]. The pandemic has also 
driven research into the importance of communication and influence of 
communication methods in order to understand societal adherence to 
policies and the spread of misinformation [72,73]. While digital tech
nologies have been steadily improving and being incorporated into so
ciety prior to the COVID-19 pandemic, societal pressure caused by the 
novel circumstances has led to widespread acceptance and integration of 
these technologies with the ability for substantial long-term impact 
[74]. 

4.1. Telemedicine 

While COVID-19 caused cancellations and rescheduling of elective 
operations across the world, many individuals still require healthcare 
[75]. Telemedicine, defined as two-way live communication between a 
patient and provider utilizing audio and visual equipment and/or soft
ware, has evolved as a solution to this provision of continued healthcare 
while minimizing risk of exposure and transmission of COVID-19 [69, 
76,77]. Pre-pandemic, telemedicine had been implemented in some 
areas; however, barriers including lack of patient and provider accep
tance, technical problems, and regulatory framework had slowed 
implementation [69,76]. With COVID-19 containment acting as a 
driving force, innovative approaches have been applied to expanding 
the availability of telemedicine, including virtual visits, teleproctoring, 
and mental health resources [69,78]. 

In the time and resource constrained settings caused by a global 
pandemic, telemedicine is beneficial for monitoring COVID-19 positive 
patients with mild or moderate symptoms, check-ups of high-risk pa
tients, as well as standard chronic disease reviews, and administrative 
appointments [69,78]. This removes the need for travel, reduces the risk 
of transmission, and reduces the number of individuals gathered in 
waiting rooms, further protecting the public and healthcare workers 
[69]. While emergency rooms have seen a significant decrease in use, 
some practitioners fear that those requiring emergency medical atten
tion are not seeking it due to fear of infection [68]. Use of telemedicine 
for virtual triaging provides an option for afflicted individuals to be 
examined to determine if medical attention is required [68]. Virtual 
triaging can also reduce treatment delay, as the examining doctor will be 
fully apprised of the medical requirements of the individual before they 
arrive for medical treatment [68,79]. Use of telemedicine for standard 
check-ups and patient monitoring is critical in pandemic scenarios; 
however, the time and cost savings provided, as well as public accep
tance, make it likely that these applications will endure following the 
pandemic [75]. 

While non-critical procedures were rescheduled, many individuals 
could not have their procedures delayed [80]. Proctors, or supervisors 
with expertise in a certain procedure, are often present during complex 
operations in order to supervise and provide their input as required [81]. 
As travel restrictions made it impossible for some proctors to be present 
for planned operations, teleproctoring has been used to ensure the 
expertise of the proctor is still available in real-time [80]. Digital 
transmission systems that provide live feeds as well as telestration (live 
editing of images) have been developed to allow for efficient tele
proctoring, which may reduce the need for in-person proctoring in the 
future [80]. 

The pandemic also interrupted counselling services such as those for 
eating disorders, addiction, and mental health [76,82,83]. Additional 
stress caused by the pandemic, coupled with the closing of many centers 
that provide counselling services, has exacerbated symptoms of those 

Table 2 
Summary of the innovation of PPE and protective alternatives driven by COVID-19.  

Adaptation Focus Products and 
Procedures 

Benefits Concerns Ref. 

Use Novel Reusable 
Products 

Masks Reduction of healthcare waste and demand 
for supplies moving forward 

Regulatory and efficacy concerns over novel 
products and disinfection techniques 

[13,37, 
48–60,66] Respirators 

Disinfection 
Procedures 

Gamma 
Irradiation 
Steam 
Sterilization 
Ultraviolet 
Irradiation 

Alternatives and 
Additions 

Novel Protective 
Products 

Aerosol 
Protections 

Increased protection provided to 
healthcare professionals and patients 

Effectiveness and adaptability of technology [52,61–65] 

Air Disinfection 
Disinfection 
Robots  
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suffering from various disorders and addictions [83,84]. Continued 
treatment of those suffering from eating disorders has required 
increased communication between physicians, psychologists, patients 
and families using telemedicine, while continued care of those suffering 
from addiction has required the loosening of some regulations to allow 
for audio only telemedicine for basic treatment [76,82,85]. 

Health professionals are under extreme stress and have a high risk of 
suffering from post-traumatic stress symptoms similar to those who 
worked during the SARS outbreak [83,84,86]. Patients and uninfected 
individuals may also be suffering from lack of human contact caused by 
physically distancing policies. Online psychological counselling services 
have been widely established in order to combat the impacts of the 
pandemic on mental health, and a variety of media including 
video-conferencing, smartphone apps, and text-messaging have been 
shown to have a positive impact on mental health [84,87]. More 
advanced technology, such as robotics and virtual reality systems have 
also been employed in telemedicine, with virtual reality allowing in
dividuals to feel as though they are in the same space as others due to the 
greater sense of social presence [11,88,89]. 

While implementation of telemedicine had previously been stalled 
by lack of acceptance by the public, providers and regulatory bodies, the 
COVID-19 pandemic made telemedicine capabilities essential [69,79]. 
As telemedicine increases patient and physician safety, while allowing 
for continued care and communication, patients and physicians have 
come to accept telemedicine, and even prefer it to face-to-face meetings 
for some tasks [75,79]. Physicians have found that telemedicine is more 
efficient and just as effective for some appointments, allowing for them 
to speak to more patients in a day [75]. Although telemedicine should 
not replace all appointments due to the lack of ability for physicians to 
do a full diagnostic exam or check-up, telemedicine could be used to 
replace many administrative appointments and general diagnoses, 
increasing the efficiency of the healthcare system moving forward [75]. 

Telemedicine has already had a marked positive impact on the 
healthcare system during the pandemic; however, there are concerns 
around data security, privacy, and regulation with its continued use [69, 
76]. As healthcare information is highly protected, advanced digital 
security systems will be required in order to allow the permanent inte
gration of telemedicine into healthcare systems [69]. Regulatory bodies 
will also need to review their protocols and adapt them for situations 
were telemedicine is beneficial. Although there are still significant 
concerns with telemedicine, the economic and societal benefits reaped 
from more efficient healthcare systems makes it likely that the imple
mentation of telemedicine will persist past the resolution of this crisis 
forever changing the structure of healthcare systems [75,80]. 

4.2. Data collection 

One of the main requirements for controlling an infectious disease is 
tracking and modelling its transmission; however, accurate models 
require significant amounts of epidemiological data [90]. The required 
data for modelling and tracking of COVID-19 have been collected 
through various means and made readily available through many 
different open-source agreements [8,11,91]. Advanced computational 
methods and digital technologies such as mobile apps, the Internet of 
Things (IoT), and data mining algorithms have all been designed to help 
generate and make sense of all of the data produced during the 
pandemic [11,92]. However, large scale data collection and analysis has 
also brought privacy concerns to the forefront of many peoples’ minds 
[90]. 

Mobile phone data and big-data analysis have previously been used 
to predict the spread of infectious diseases such as Ebola and tubercu
losis [93,94]. Contact tracing was used as a core surveillance tactic in 
the control of Ebola, with mobile apps playing a significant role in its 
success, due to data being more complete, accurate, and timely [93]. 
Owing to mobile apps’ previous success in helping to manage the spread 
of infectious diseases, it is not surprising that various digital and mobile 

applications were rapidly designed and implemented for the COVID-19 
pandemic. Many of these applications are related to the acceptance of 
telemedicine as they focus on self-triage and self-scheduling to aid in 
following physical distancing policies, as well as providing mobile di
agnostics and contact tracing [95,96]. 

COVID-19 symptom tracking apps use self-reported information to 
provide information about the prevalence of COVID-19 cases in a given 
area [32,97]. Other apps allow for the collection and storage of tem
perature data for possible early diagnosis (Fig. 2) [32,98]. Similar to 
mobile applications, some organizations have developed biosensor 
technology for detection and monitoring of COVID-19 symptoms, 
including body temperature and respiration rate for early detection of 
illness and home monitoring [99]. These technologies can help limit the 
spread of disease while also reducing the load on hospitals by allowing 
patients to be monitored while remaining at home [99]. 

Some governmental apps, such as Singapore’s “Trace Together”, 
focus on contact tracing by using mobile data location to determine 
whether individuals have been in locations with or after an individual 
who has tested positive for COVID-19 [100]. Apple and Google have 
collaborated on a similar app that requests that individuals voluntarily 
submit COVID-19 test results. Mobile phones with the app which had 
recently been in the vicinity of the individual with the confirmed case 
would then immediately be alerted via a text message [32]. Further 
digital innovations, such as the IoT and Big Data, have been employed, 
with IoT being used for enforcement of quarantines and mask-wearing 
through drone surveillance, as well as monitoring of patients quaran
tining at home [11,92]. Experts are also actively researching how to 
utilize Big Data for efficient drug development, and more accurate 
pandemic modelling as it is capable of updating data from patients 
under treatment on a real-time basis [91]. 

Concerns related to these technologies include their dependence on a 
large percentage of the population being in possession of a mobile 
phone, and reliance on self-reported data leading to possible inaccura
cies [32,93,94]. The implementation of data collection technologies 
such as applications that utilize mobile phone data and/or collect 
healthcare information have increased societal concern over privacy and 
security, as people are being requested to prioritize public healthcare 
measures over their own personal privacy [32,90,92,96]. Individuals in 
many countries are having to balance invasion of privacy with increased 
sense of safety and communication related to the transmission of 
COVID-19 [101,102]. These concerns are further enhanced by the use of 
these technologies for quarantine and policy enforcement as advanced 
surveillance and facial recognition technologies have been heavily 
criticized due to abuse of power related to the technology [32,71,90,92]. 
While innovation related to data collection is currently highlighting the 
balance required between public safety and individual freedoms, the 
long-term impacts of normalizing these methods of data collection must 
be considered in terms of future policy and regulatory decisions. 

4.3. Artificial intelligence 

Artificial intelligence (AI) systems and deep learning neural net
works (DNNs) can effectively sort through large data-sets to identify 
certain features [103]. These advanced algorithms allow devices to take 
data input and learn to distinguish patterns without supervision [103]. 
Based on the learnt patterns, AI systems are able to react and respond to 
changing circumstances in real time [103]. Benefits of applying AI in 
diagnostics and medical imaging interpretation, predictive modelling, 
and social control, had been identified before the onset of the COVID-19 
pandemic; however, the COVID-19 pandemic has functioned as a driving 
force for greater innovation and integration of AI technologies [11,104, 
105]. 

Accurate and rapid diagnosis of COVID-19 is required to limit the 
spread of the disease and provide effective treatment to afflicted in
dividuals [104]. Use of AI and DNN technologies to analyze chest x-rays 
and chest CT scans has demonstrated accuracy rates around 95%, 
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exceeding human accuracy while providing immediate results [104, 
106–108]. The use of AI also allows for a contactless imaging workflow, 
as the imaging technician is able to provide positioning instructions 
through the use of cameras and microphones, with AI being used to 
identify the pose of the patient and automatically optimize scanning 
parameters [109]. 

From the images and diagnosis, AI has also been shown to be able to 
predict the likely severity and mortality risk of an infected individual, 
helping to inform treatment methods for the individual [104,110]. 
Another innovative approach related to the application of AI during 
COVID-19, is implementation of COVID-19 in communication systems 
for other workflows [111]. Response pathways, such as those related to 
acute strokes, have been put under pressure due to COVID-19 [111]. AI 
has been employed to speed up image analysis, interpretation and de
cision making in order to help reduce this pressure [111]. 

AI has also demonstrated its abilities as part of early warning, pre
dictive, and tracking systems in relation to COVID-19, with two AI-based 
models succeeding in triggering alerts before the WHO and Program for 
Monitoring Emerging Diseases (PMED) [104]. Although the lack of 
historical data makes modelling the spread of COVID-19 difficult, AI 
forecasting has been successfully modified to predict epidemic trends 
[104,112]. With a large volume of data being generated due to the 
COVID-19 pandemic, AI has also been employed to help filter out noise 
and misinformation, with certain algorithms being designed to aid re
searchers and clinicians in finding the references and research they 
require [104,113]. 

Predictive modelling and future analysis will allow for assessment of 
the effectiveness of policies such as physical distancing and quarantines, 
which may help inform responses to future pandemics, while the ability 
to efficiently sift through all of the generated literature to find the in
formation required will expedite research related to treatments and 
vaccine production. Implementation of AI into healthcare will help in
crease efficiency of the system further improving healthcare post- 
pandemic. Societal acceptance and further implementation and use of 
AI technologies in applications such as modelling and information 
filtering have the ability to increase the rate of scientific research and 
help reduce the spread of misinformation. Concerns related to the 
greater implementation of AI systems include the creation of biases in 
the algorithms due to biases in the information used to train the AI 
system [114]. These concerns must be considered as AI technologies are 
implemented in a broader range of applications in order to avoid 
incorrect or biased sorting and decision-making. However, it is likely 
that AI will be further implemented into many systems that require the 
filtering or modelling of large data sets to increase efficiency. 

4.4. Communication and misinformation 

Previous pandemics such as SARS and Ebola have demonstrated just 
how important communication is in handling public health threats, with 
countries and cities with superior communication systems faring 

significantly better [115–117]. Global communication between gov
ernments and researchers and communication with the public both play 
important roles in managing pandemics. Governmental communication 
allows for discussion of effective policies, scientific communication al
lows for greater collaboration and productivity in developing vaccines 
and therapeutics, and effective communication with the public helps 
control fear and uncertainty and ascertain compliance with govern
mental policies [117]. 

Many innovative approaches have been used to ensure effective 
communication during the COVID-19 pandemic. On the scientific 
research side, a call for open sharing of relevant literature has led to 
organizations such as Nature, The Lancet, and various companies 
providing free access to COVID-19 literature [8]. Organizations have 
also collaborated to release the Covid-19 Open Research Dataset 
(CORD-19) which collects peer-reviewed and pre-print papers related to 
COVID-19 in one place [118]. The dataset is actively updated in order to 
consolidate existing research and allow for researchers to find the in
formation they need rapidly [118]. Communication between clinicians 
has also been researched and improved with the implementation of 
clinical newsletters and virtual education opportunities, helping clini
cians lean on other members of their medical teams [119]. 

Communication with the public is extremely important in managing 
the outcome of a disease as it impacts compliance with policies, risk 
perception, and panic [117]. With the remarkable speed of information 
sharing possible through social media platforms, it is important that 
information is shared in a clear, accurate and timely manner [116]. Risk 
of infection, outcome of infection, lack of protection or prevention 
measures, rapid increases in reported cases or deaths, uncertainty 
regarding disease information, and suspicion that risks are being 
downplayed, can all contribute to greater societal fear, which can lead to 
activities such as panic buying and distrust of the government [117, 
120]. In order to provide easy access to understandable information, 
many interactive graphics and dashboards have been developed by both 
scientific and governmental organizations [121–123]. The use of tech
nology for communication for hearing impaired individuals has also 
been made more common, due to the use of masks making it difficult for 
hearing impaired individuals to communicate [124]. For example, apps 
providing speech-to-text capabilities or direct connection to a translator 
have been made available in all emergency departments in Regina and 
Saskatoon, along with other parts of Saskatchewan [124]. 

However, even with all of the communication strategies being 
employed, the sheer volume of information has caused problems, 
including the sharing of misinformation and the formation of counterfeit 
products, sparking innovative approaches for managing misinformation 
[73,125,126]. As previously discussed, AI technologies can be used to 
sort through the large amount of information being shared with the goal 
of flagging pieces of information that are false, allowing for them to be 
removed or corrected [73]. The extent and volume of misinformation 
being shared during the COVID-19 pandemic has sparked significant 
research into how misinformation is generated and shared in order for 

Fig. 2. Use of mobile data collection for telemedicine applications including early diagnosis, monitoring, and contact tracing.  
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organizations to be better prepared to combat the spread of misinfor
mation in the future [72,73,120]. However, discussions around the 
moderation of information has also led to concerns regarding free 
speech, as controversial opinions may be censored by biased AI systems 
and moderators. 

As the world has had to go digital for education, work, social con
nections, and information gathering, digital communication has become 
increasingly important. Researchers and clinicians have implemented 
innovative new forms of communication in order to ensure efficient and 
effective responses to the pandemic, while various organizations have 
developed methods of translating scientific understanding for the gen
eral public. The increased understanding of the importance of being able 
to share scientific information with layman audiences may have an 
impact on the operation of scientific communities as they strive to keep 
the public informed and updated regarding their work, in order to in
crease public support in future circumstances that require the public to 
trust science. Related to this, the ability to manage misinformation will 
become just as important as the digital technologies themselves. While 
the moderation of information being shared related to the pandemic is 
by no means perfect, with various conspiracy theories and pieces of 
misinformation gaining traction, COVID-19 has managed to trigger a 
new age of discussion into information moderation, that will continue 
long past the conclusion of the COVID-19 pandemic [73]. However, 
policies and regulations around information moderation will require 
evaluation to ensure that information moderation is unbiased, with the 
process of evaluation likely to require further in-depth discussion in the 
future, with possibilities for long-term impact. Table 3 summarizes the 
discussed innovations around digital technologies. 

5. Conclusions 

The COVID-19 pandemic has had drastic societal and economic im
pacts. The adaption of society to this historical event in the making and 
all of the negative pressures that it incorporates has resulted in signifi
cant research, innovation and implementation of various technologies 
and processes, many of which are likely to have long-term societal 
impacts. 

Manufacturing is one aspect of society that has been drastically 
impacted by the COVID-19 pandemic. In order to adapt to demand 
shifts, manufacturing firms with access to flexible, diverse and special
ized equipment shifted their production focus and methodology. 
Collaborative mentalities have also increased, with competitors often 
working together to meet a set goal, or various corporations with 
complementary specialties partnering to problem-solve in a more effi
cient manner. Advanced manufacturing systems including those that 
incorporate AI, and robotics are also being investigated with renewed 
interest due to their lack of susceptibility to disruption during infectious 
disease outbreaks. 3D printing specifically, has demonstrated its flexi
bility in the production of various products, and its ability to be utilized 
by large corporations and individual hobbyists alike. As manufacturing 
flexibility, increased collaboration, and incorporation of advanced 
manufacturing technologies has been proven to provide corporations 
with means to adapt to extreme and changing circumstances, it is ex
pected that these innovative approaches will be sustained post- 
pandemic will the potential to impact the availability of careers, the 
rate of global problem-solving, and manufacturing processes for a wider 
range of products. 

Flaws in PPE technology such as its inability to be re-used and lack of 

Table 3 
Summary of digital innovations driven by the COVID-19 pandemic.  

Technology Application Use Benefits Concerns Ref. 

Telemedicine Virtual Visits Out-Patient 
Monitoring 

Improvement of efficiency of the healthcare system 
while reducing risk of transmission for patients and 
physicians 

Regulatory and standard of care 
issues 

[68,69, 
75–89] 

Standard Reviews 
Administrative 
Appointments 
Virtual Triage 

Teleproctoring Telestration Provision of input from experts in extraneous 
circumstances 

Technical and communication 
requirements 

Mental Health 
Resources 

Eating Disorders Provision of on-going care in stressful circumstances Access concerns 
Addiction 
Post Traumatic 
Stress 
Isolation 

Data Collection Mobile 
Applications 

Disease Modelling 
and Tracking 

More accurate disease modelling and tracking 
improves response times 

Privacy and security of collected 
data 

[8,11,32,71, 
90–102] 

Contact Tracing 
Symptom Tracking/ 
Early Diagnosis 

Reliance on mobile phones 
disadvantages those with lower 
income Alerts 

Real-Time 
Modelling 

Drones/Facial 
Recognition 

Surveillance Advanced surveillance improves adherence to public 
health policies 

Fears of living in a surveillance 
society Enforcement 

Artificial Intelligence Medical Imaging Diagnoses Improved healthcare efficiency, modelling, 
expedition of scientific research and flagging of 
misinformation for more effective responses to 
pandemic circumstances 

Bias in data sets leading to biased 
analysis and decision-making 

[11, 
103–114] Contactless 

Workflow 
Forecasting Predictive Disease 

Modelling 
Disease Severity 

Information 
Sorting 

Misinformation Censorship of conflicting opinions 
Scientific Research 

Communication and 
Misinformation 

Governmental 
Communication 

Increased 
Collaboration 

Improved research efficiency and compliance with 
public health policies to increase effectiveness of 
response 

Intellectual property rights [8,72,73, 
115–126] 

Scientific 
Communication 

Open Resources 

Public 
Communication 

Policy Compliance Misinformation leading to 
increased fear, panic and lack of 
faith in governmental policies 

Fear Management 
Misinformation Flagging by AI  
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suitable alternatives triggered significant research and innovation as 
many parties worked to solve these issues. Novel mask designs and 
methods for production have been proven to be effective in increasing 
the available supply of PPE, while methods for maintaining mask 
viability after disinfection have been validated, reducing demand and 
waste. Advanced technologies related to air decontamination and 
disinfection have been implemented in hospitals to better protect pa
tients and healthcare workers. These technologies are not limited to this 
pandemic, as better PPE and reusable PPE can easily be expanded to 
other fields such as research, helping to limit the production of waste in 
the future while providing increased protection to the user and incor
poration of disinfection technologies is likely to be expanded into other 
sectors of society as the public becomes more health-conscious. 

As society has become highly dependent on digital technologies, 
increased acceptance and necessity has led to the implementation of 
these technologies in many different applications. Telemedicine, which 
had previously been facing many hurdles to implementation has been 
fully incorporated into many healthcare systems in order to allow for 
continued care and monitoring of patients. The continued use of tele
medicine programs is expected after the conclusion of the pandemic due 
to the increased efficiency it offers; however, there are still regulatory 
concerns as well as concerns regarding the level of care provided, and 
privacy of personal information. Data collection abilities have been 
significantly improved with mobile applications being used for medical 
applications such as monitoring, diagnosis, and contact tracing, while 
advanced surveillance technologies are being used for policy enforce
ment. These technologies have caused increased discussion around 
personal privacy rights and fears of a surveillance society that may limit 
their application in the future. AI systems have been implemented in 
healthcare for diagnosis and modelling as well as information manage
ment systems for filtering of information. AI is likely to be further 
implemented as society continues to become increasingly digital, and 
will likely be heavily applied in the moderation of information; how
ever, this has triggered concerns regarding biased sorting and modera
tion due to programmed bias. The large extent of information generated 
by situations such as a pandemic have also driven a greater research 
interest into communication and misinformation as communication has 
been shown to be highly important in combatting infectious diseases. 
Improvements made in communication technologies, and a new found 
understanding of the importance in communicating scientific principles 
clearly, is likely to force lasting changes on how scientific information is 
communicated regularly to the public. 

While this work is not an exhaustive list of innovations and research 
triggered by the COVID-19 crises, it is clear that the societal and eco
nomic circumstances have resulted in significant innovation and 
implementation of technologies. COVID-19 has demonstrated that ne
cessity is in fact the driver of change, and although this pandemic will be 
resolved, it is likely that many of the research and innovations that 
occurred due to the crisis will remain having long-term impacts on 
society. 
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