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T
he original intention of robotic surgery was to permit the 
conduction of a surgical procedure from a remote distance 
without touching the patient1. The first surgical robots were 

the Arthrobot, which followed voice commands to assist in patient 
positioning during an orthopaedic surgical case2, and the Unimation 
Puma 200, used to orient a needle for brain biopsy3. In 1996, the 
Automated Endoscopic System for Optimal Positioning (AESOP), 
the first FDA-approved robotic surgical system, introduced ZEUS, 
a complete robotic surgical system with seven degrees of freedom, 
tremor elimination and motion scaling4. ZEUS was used for the 
first long-distance telesurgical procedure, a laparoscopic chole-
cystectomy on a French patient in Strasbourg, while the surgeon 
was located in New York5. Another breakthrough was the Da Vinci 
robotic system by Intuitive Surgery, which is used across differ-
ent surgical specialties for a variety of surgical procedures and is 
capable of performing technically challenging procedures6,7. Several 
other robotic systems have now been developed and are commer-
cially available for various surgical procedures across different dis-
ciplines (for a review see ref. 7).

Robotic technology in the age of pandemics
Robots have long served humans to protect them from hazardous 
tasks. The first industrially successful robot, the Unimate, began 
operation at a General Motors assembly plant in New Jersey, per-
forming automated tasks dangerous to humans4. Other examples 
are mobile robots aiding firefighters in environments with restricted 
visibility8, robots mimicking hand and arm movements conducted 
by a human at a safe distance to reduce health risks for vulnerable 
workers, for example, in nuclear environments9, and robotic aid in 
mountain rescue10. The current COVID-19 pandemic brings along 
several threats and restrictions to our society. A variety of potential 
implementations have been proposed to utilize robots in healthcare 
and beyond to face these challenges11,12. Healthcare workers are at 

the battle’s forefront during pandemics and a professional group 
with high vulnerability. During the 2003 outbreak of severe acute 
respiratory syndrome (SARS) in Canada, 51% of the 438 cases were 
healthcare workers including three fatal cases13. One of the earliest 
reports from the epicentre in Wuhan (China) found 40 healthcare 
workers among the first 138 patients14, with infection rates up to 
20%15. As of July 2020, more than 1,800 identified healthcare work-
ers from 64 countries had died of COVID-19, the youngest being 
20 and the eldest 9916. An updated list from the end of August 2020 
counted 1,079 fatal cases of healthcare workers in the United States17.

Even among the best equipped centres and most developed 
nations, a shortage of personal protective equipment (PPE) is a key 
concern15, which can create fierce competition between govern-
ments and prioritize medical staff in some countries over others. 
Another limiting factor is labour. While machines in healthcare 
systems could potentially operate beyond maximum capacity over 
longer periods and ventilators or wards can be urgently manufac-
tured, healthcare workers cannot follow this pace15, creating a lim-
iting factor in patient management and care during high-demand 
periods. The use of robots can aid in both of these examples, (1) 
reducing contact between the patient and healthcare provider and 
thus the need for PPE and (2) serving at maximum capacity during 
extraordinary times.

Robotic technology in the surgical environment
Surgical care is a foundation of any healthcare system with both elec-
tive and emergency operations contributing to the health services of 
the population. Operating rooms can be high-risk areas for trans-
mission given the urgency in management, involvement of multiple 
teams, and high-risk activities. As a result of the substantial threat 
to surgeons during COVID-19, several surgical societies have pub-
lished safety guidelines during procedures18,19 (see Supplementary 
Information). To effectively reduce pathogen spread, robots can 
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be integrated at several sections of the sequence, which each surgi-
cal patient traverses during a hospital stay. This workflow can be 
divided into pre-operative care, anaesthesia, the surgical procedure 
and postoperative care, and the overall goal of robotic integration 
is to minimize contact between the patient and healthcare provider 
at each step.

Pre- and postoperative care. The triage process is often the first 
step after entering an emergency department. This process begins 
with information exchange between the paramedic team or patient 
and the triage staff. Logistical and medical information can be uni-
fied into a coordinating system calculating the routes to the hospi-
tal and considering the patient influx at nearby hospitals to make 
the journey to the hospital and triage process more efficient and 
decrease wait times20–22. Robotic technology and artificial intelli-
gence (AI) can further be utilized to greet patients during pandem-
ics, disinfect hands and distribute PPE23. Primary transmission of 
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
is through respiratory droplets and contact routes24 as well as faecal 
transmission25. Sterilization, defined as the process of killing micro-
organisms, is integral for avoiding pathogen contamination in the 
surgical environment. The sterility-assurance level (SAL) is speci-
fied as the probability of an item being non-sterile after undergoing 
sterilization. Implantable medical devices, for example, achieve an 
SAL of 10–6, meaning they have a probability of finding one viable 
microorganism in one million sterilized items26. A critical measure 
to contain pathogens is frequent cleaning. SARS-CoV-2 can per-
sist up to 72 hours on surfaces27. Continuous robotic, non-contact 
ultraviolet surface disinfection can efficiently reduce contamina-
tion and has been used in hospitals28,29. This autonomous paradigm 
is employed at international airports to reduce human exposure 
to hazardous microorganisms and compensate for a shortage of 
labour. Robotic systems providing real-time feedback of contami-
nation levels in contained rooms represent another tool for provid-
ing a safe working environment30. Using AI, the Canadian company 
BlueDot was the first to predict the virus outbreak in Wuhan. 
Robots paired with AI could determine areas of high movement 
in the operating environment or the entire hospital and focus on 
more frequent sterilization of high-traffic areas. Besides droplet and 
contact, blood transmission is another route for pathogen spread.  
Each year, approximately 600,000–800,000 needle stick inju-
ries occur in the United States, translating to up to US$2,000 per 
day. This results in more than US$0.5–1 billion of annual health-
care cost31. Portable robotic devices are able to use deep learning 
for autonomous blood vessel access despite anatomic variability, 
and can provide superior success rates in shorter time compared 
to human-employed manual access32. Especially in times of high 
demand, these technologies can mitigate contamination risk to 
healthcare workers and reduce economic burden. A critical and 
repetitive component of pre- and postoperative care is measurement 
of vital parameters, which in times of pandemics enables, for exam-
ple, identification and separation of patients with fever. Robotic 
measurement of vital signs and bedside nursing assistance can not 
only reduce infectious spread33 but also reduce cost and effective-
ness of care34,35. Besides a patient’s vital signs, robots can deliver food 
or drugs on predefined criteria to reduce nurse-to-patient interac-
tion. The use of intelligent robots for measurement of vital signs 
and drug delivery is currently being tested at Harvard’s medical 
hospitals to mitigate disease transmission. Another example is the 
use of robots for autonomous transportation of drugs in a hospi-
tal in Guangzhou (China) during the COVID-19 outbreak. China’s 
Wuhan Wuchang Hospital demonstrated during COVID-19 that 
these ideas can be implemented. At this hospital a smart field was 
created, in which 14 robots performed a number of tasks to take 
care of patients including cleaning, disinfection, drug delivery and 
temperature measurement36,37.

Anaesthesia. The anaesthetic team is one of the most vulnerable due 
to direct exposure and close contact to the patient’s airway. Robotic 
airway management and intubation has been demonstrated38,39 and 
is a critical component for protecting healthcare workers during 
this potentially dangerous task, especially for infectious spread by 
airborne transmission. Other examples include semi-automated or 
automated anaesthesia, where the depth of anaesthesia is measured, 
and anaesthetics are delivered automatically. The same principle 
can be applied to maintain blood pressure, muscle relaxation and 
the level of anaesthetics during procedures performed under gen-
eral anaesthesia or awake surgery.

Surgical procedure. The first identified COVID-positive patient 
in the United States was held in an isolated room designed during 
the Ebola crisis40. A robot equipped with a camera, a microphone 
and a stethoscope allowed patient consulting without physical con-
tact between the patient and the doctor. Although the patient did 
not undergo an operation, today’s technology potentially allows 
surgeries to occur remotely without need for the surgeon to enter 
the room. Besides distancing the surgeon, today’s robotic systems 
typically require less staff in the operating room than with tradi-
tional open surgery (Fig. 1), which reduces the personnel exposed 
to infectious aerosols, further reducing the risk of contamination. 
Fully contactless surgical suites must be considered in the light of 
the current pandemic.

Two main factors dictate surgical guidelines during the current 
COVID-19 pandemic. First, stress on the healthcare system and, in 
particular, on intensive care unit (ICU) beds and equipment such as 
respirators and surgical facilities, as these resources are limited in a 
hospital that may face a sudden patient influx resulting in cancella-
tion of elective procedures and reorganization of ICU beds. Second, 
the risk of infectious spread among patients and healthcare provid-
ers. Surgical robots can effectively face both of these challenges to 
perform time-efficient surgery over extensive operative hours and 
minimize infectious spread, for example, through contactless sur-
gery, which is defined as no physical contact between the patient 
and the healthcare provider during the operation. These principles 
could be applied to a variety of disciplines (for a detailed review 
see ref. 7). Major surgical societies have addressed specific guide-
lines during COVID-19 (see Supplementary Information), of which 
some have argued against the use of minimal-invasive procedures. 
To investigate this concern, two recently published articles com-
pared the advantages and disadvantages of robot-assisted surgery 
(RAS) against conventional laparoscopy and their relevance during 
the COVID-19 pandemic41,42. Laparoscopic surgeries require estab-
lishment of an artificial pneumoperitoneum, which is generated by 
abdominal insufflation with CO2, helium, nitrous oxide or oxygen. 
While traditional laparoscopy requires pressure levels of 10–15 
mm Hg, RAS can operate at physiologic intra-abdominal pressure 
levels up to 5 mm Hg (ref. 43). Increased intra-abdominal pressure 
generates aerosols that can increase the risk for pathogen contami-
nation to the surgical team41, that is, higher pressure levels entail 
increased aerosol generation, which brings along increased infec-
tious risk. These cases argue that RAS can minimize contamination 
risk through reduced aerosol generation compared to traditional 
laparoscopic surgery. Another example is pathogen spread through 
smoke generated by surgical instruments. Ultrasonic devices and 
other equipment used during laparoscopic surgery can generate 
substantial amounts of smoke, which can contain pathogens such 
as Corynebacterium, papillomavirus and human immunodefi-
ciency virus (HIV) and contaminate doctors through this route44–47. 
Strikingly, it was reported that particle concentration on a surgi-
cal knife was ten times higher in traditional laparoscopic surgery 
compared to non-laparoscopic cases48. Low gas mobility in the 
established pneumoperitoneum is a potential explanation for the 
increased pathogen concentration41, which is likely to be lower in 
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RAS procedures, resulting in decreased infection risk. In addition to 
these observations, fewer surgical instruments are needed with RAS 
compared to the classic surgical approach, resulting in reduced risk 
for contamination and faster cleaning. Another important aspect 
is reduced duration of hospital stay with robotic surgery, which is 
especially relevant in times of shortage of hospital beds and poten-
tial of contamination with longer hospital admission.

Contactless robotic surgery with remote supervision sparing the 
presence of healthcare providers in the surgical room represents the 
ultimate scenario to reduce pathogen spread (Fig. 1c). An emerg-
ing technology towards this goal is magnetic navigation systems 
(MNS). Magnets placed external to the patient’s body are used to 

guide a surgical probe equipped with a magnetic tip. While ear-
lier systems were large, difficult to integrate to the clinical routine 
workflow and accompanied undesired movement of the needle tip 
after turning off the magnetic field49–52, more recent systems have 
overcome these challenges53,54. Using this technology, contactless 
surgery has been demonstrated in endovascular cases (Fig. 2c–e), 
enabling surgery at times when patient-to-healthcare provider con-
tact is a substantial concern. In addition to pathogen mitigation, 
radiation exposure to healthcare workers is reduced as they operate 
outside the surgical suite. Paired with innovative catheters allowing 
independent control of stiffness and direction at separate segments 
(Fig. 2e) to further maximize the degree of steering freedom55, MNS 
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Fig. 1 | Operative room setup. a, Traditional operative room setup. b, Current operative room setup during a robotic surgery procedure. The surgeon  

directs the robot remotely to carry out the operation. Compared to a, a reduced number of team members is in direct contact with the patient. c, State 

of the art in contactless robotic surgery, where the entire team operates from a safe distance to the patient. An ablation procedure is performed on an 

isolated patient. The surgeon sits in a control zone outside the operating theatre and directs the surgery from a remotely controlled electromagnetic 

navigation system (eMNS).
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provide superb dexterity control of the probe resulting in increased 
procedural safety. Future applications using untethered microro-
bots controlled with magnetic steering56 can address targeted drug 
delivery or prevent viral adherence in high-conglomerate infectious 
areas of the body.

economical and psychological aspects of elective surgery 
cancellations
During the COVID-19 pandemic, elective operations have been 
stopped in hospitals across a large number of countries. This mea-
sure entails (1) a tremendous economic impact for hospitals and 
individuals, and (2) substantial psychological consequences for 
affected patients. Elective surgeries represent a major income 
source for hospitals57. Without this source of revenue, hospitals are  
forced to reduce their employees’ salaries, halt new appointments, 
and in a worst-case, declare bankruptcy. North America’s largest 
hospital, New York Presbyterian Hospital, had budgeted a US$246 
million income for 2020; with the COVID-19 crisis it expects the 
operating losses alone to sum to between US$104 million and 
US$454 million58. Smaller hospitals that are not located in majorly 
affected areas not only lose income from cancelled elective cases 
and outpatient clinics, but also experience a decrease in the volume 
of emergency room visits as people stay home. As a result, hospitals 
may experience low capacities over several weeks during declared 
shutdowns.

From the patient’s perspective, cancellation of non-emergent 
surgery can have compelling psychological consequences. Among 
others, the Ontario Ministry of Health in Canada has compared 
wait times from June 2019 to June 2020 and found a substan-
tial increase in wait times across different surgical subspecialties 
(Table 1). Patients scheduled for elective operations may suffer a 
substantial decrease in quality of life, for example, by living with a 
pain- or anxiety-triggering condition59. Paired with isolation dur-
ing home stay and the public’s concerns during a pandemic, these 
fears can have substantial mental health consequences. The use of 
robotic technology not only aids to reduce infectious spread during  

pandemics and permit continuation of elective surgeries, but 
also provides care for isolated patients through social robots60. 
Furthermore, surgical robots can also be used to clear surgical 
backlog as they can perform surgery at weekends or after hours 
under supervision, helping with surgeon fatigue and error and per-
mitting operation with reduced staff when compared to traditional 
surgery. To get more accurate information, modelling studies and 
eventually trials are needed to compare and predict infectious 
spread during a pandemic with and without the use of robotic tech-
nology in a hospital setting.
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Fig. 2 | Centralization of intraoperative information to the surgeon. a, Current procedure during a neurosurgical case. The surgeon views the operative 

field through a microscope. Note the bipolar held in the right hand. The surgeon moves their eyes away from the microscopic view to search for the 

bipolar pedal to activate it. b, Digital surgical glasses unifying relevant information to the surgeon such as critical structures in the operative field, relevant 

imaging, vital parameters and so on. c,d, Contactless surgery procedure. The operative suite is shown in c, and the surgeon’s control zone is shown in d. e, 

Example of an endovascular catheter steered with a magnetic navigation system. Credit: Juha Hernesniemi (a); Cambridge Consultants (b); Multi-Scale 

Robotics Lab (MSRL), ETH Zurich (c–e)

Table 1 | Surgical wait times in the province of Ontario, Canada 
in days across different surgical specialties in June 2019 and 
June 2020

Surgical service area June 2019 June 2020

General surgery 107 157

Gynaecologic surgery 136 190

Neurosurgery 158 203

Oncology surgery 50 90

Opthalmic surgery 208 245

Oral and maxillofacial surgery and dentistry 190 176

Orthopaedic surgery 213 246

Otolaryngic surgery 196 251

Paediatric surgery 167 209

Plastic and reconstructive surgery 146 208

Thoracic surgery 88 181

Urologic surgery 94 130

Vascular surgery 76 113

Source: Ontario Health — Wait Time Information System.
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economic considerations and benefits of surgical robots 
beyond pandemics
Hospital administrations weigh the cost and benefit when decid-
ing to purchase new equipment. The benefit of robots during pan-
demics has been outlined above, but is it worth acquiring surgical 
robotic systems just to survive a pandemic? Will surgical robots 
have usefulness to justify the investment beyond the end date of a 
pandemic? Implementation of robotic systems in the surgical envi-
ronment can harbour clinical benefits by assisting the surgeon to 
improve surgical safety and to make the procedure more efficient 
resulting in reduced time and cost when running operative rooms. 
Here, we outline specific aspects in which robots improve the sur-
gical workflow and procedure, potentially resulting in clinical and 
economic gain.

Machine learning and data analysis. Experience is a vital part to 
master surgery. Surgeons often analyse videos of their own pro-
cedures to learn from their previous cases to improve for the next 
case. Future systems permit automated data recording and analysis. 
Using deep learning and AI, these systems open new possibilities for 
surgical applications, leading to reduced complications and devel-
opment of autonomous robotic systems for an increased range of 
procedures. These technologies also open new avenues for training 
and evaluating surgeons61,62 and, vice versa, open a new field to train 
surgeons on how to operate robots63.

Centralizing vital information to the surgeon. In aviation or auto-
mobiles, the pilot or the driver accesses a central console to which 
all relevant information is projected. Currently, the surgeon receives 
information about vital parameters from the anaesthesiologist, 
accesses imaging on separate devices to locate critical structures, 
and translates the information seen in imaging into the surgi-
cal field. These steps dramatically interrupt the surgical flow. For 
each of these tasks, the surgeon has to look away from the operative  
field, which causes increased operative time and cost. Developing 
systems to centralize the needed information will substantially 
lessen this burden. Today’s technologies remain mostly separated 
depending on the focus of the respective manufacturer. Uniting the 
microscope view, imaging used for intra-operative navigation and 
virtual and augmented reality into one centralized viewing cockpit 
for the surgeon (for example, smart surgical glasses; Fig. 2) allows 
unprecedented visualization of critical structures projected directly 
into the surgeon’s operative field. Haptic feedback paired to the 
surgical instrument for tactile feedback when approaching criti-
cal structures and online information of vital parameters further 
centralize the information displayed to the surgeon in one central 
console64,65.

Enhancing the senses to gain intraoperative flexibility. Although 
voice-driven devices allow us to communicate with machines in 
daily life and despite efforts made by the very first robotic system 
and ZEUS’s AESOP system, this technology has not yet routinely 
found its way into the operating theatre. For example, the surgeon 
has to move his eyes away from the operative field to find the pedal 
for the bipolar coagulation device, then adapt his eyes back to the 
surgical field and press the pedal to activate coagulation (Fig. 2a). 
As bipolar cautery is used frequently during surgery, this repeated 
sequence of actions substantially prolongs the entire procedure. To 
avoid this interruption, some surgeons have incorporated the scrub 
nurse to press the bipolar pedal after a voice command, which allows 
them to keep their eyes on the surgical field. A simple voice-driven 
bipolar instrument could effectively aid to improve this repetitive 
task, make one of the most frequently used intraoperative steps 
more efficient and spare repetitive action of the scrub nurse. Eye 
tracking is another powerful approach to let the surgeon communi-
cate verbally with perioperative technologies66.

Telesurgery, software development and 5G connectivity. In addi-
tion to allowing the surgeon to operate from a safe distance dur-
ing wars or pandemics, remote surgery has several other important 
implications. In large territories such as Canadian and Chinese 
provinces, or the American states, patients are currently flown from 
distant areas with restricted medical centres to hospital centres in 
large cities, which comes with substantial cost for the flight crew, 
medical staff and other components of the transportation chain. 
Telesurgical systems have been implemented to overcome this 
hurdle. However, telesurgery included lags in connection speed. 
Recently introduced 5G connectivity can overcome signal delay 
and permits signal transmission in real time. As there are generally 
more general surgeons than sub-specialized surgeons in most loca-
tions across the globe, telesurgical procedures could be conducted 
by a general surgeon on site and supervised by a sub-specialized 
surgeon remotely who can interact in the operative field through a 
virtual interface. Other examples for this paradigm include remote 
surgery conducted by trained specialists in underdeveloped parts of 
the globe or for medical tourism. This approach decreases the need 
for travel and reduces cost as well as the carbon dioxide footprint. 
While implementing these novel technologies, ethical concerns 
must be faced in detail, especially in the highly sensitive field of 
healthcare, which large technology companies have aimed to enter 
for a long time.

Surgical effectiveness and reduced operative time: minimal to 
not measurable clinical benefits have been observed when early 
robotic systems were compared with traditional surgery7. However, 
this is changing rapidly as more advanced systems are being devel-
oped and as surgeons become more familiar and increasingly effi-
cient with their use67–69. Shorter hospital stays and faster recovery 
observed with robotic surgery can further contribute to cost reduc-
tion and improve clinical outcomes as desired in paradigms such 
as enhanced recovery after surgery70. A vital aspect in adopting 
robotic surgery is the surgeon’s acceptance of innovative technol-
ogy. Seamless integration into clinical routines by avoiding major 
adaptations for the surgeon’s and the operative team’s workflow is 
an important aspect in adopting the new technology. Examples of 
this include the newer generations of Intuitive Surgical’s Da Vinci 
system, which allows efficient mounting to the operative table, and 
the CardioArm and Flex robotic systems71,72, which are mounted 
directly to the patient’s body or can even be handheld to simplify 
their integration and ease of use for the surgeon. To create efficient 
designs, effective communication between the clinical team, the 
engineering team and the commercial vendor is essential, as early 
on in project conception as possible. Such collaborative approach 
among clinicians, engineers and robotics companies have rendered 
more user-friendly robotic systems in the recent years, which have 
been increasingly implemented in clinical use. Continuation of this 
development is likely to result in shorter procedure times and over-
all cost saving, which plays an important role in cost-calculation in 
purchasing robotic systems73. In addition, increased competition on 
the market will render lower purchasing prices in the near future67.

Conclusion
The current pandemic reveals how much our activities are reliant 
on human-to-human physical contact. In surgical environments, 
this necessity poses a substantial challenge during COVID-19. To 
avoid pathogen spread, elective surgeries are cancelled with con-
siderable physical, mental and economic consequences for patients 
and hospitals. AI and robotic technology can be utilized to face this 
challenge. Outside the operating room, these technologies can be 
implemented for various tasks such as digitized patient admission, 
effective triaging during times of high demand, acquisition and 
monitoring of vital signs, identification of high-risk nodes, steriliza-
tion with real-time contamination feedback, drawing of blood and 
delivery of food and drugs. In the operating theatre, robots can place 
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intravascular lines, intubate the patient and manage the airway. For 
the surgical procedure itself, the smaller the number of the surgi-
cal team, the less the risk of contamination. While robot-assisted 
surgery can reduce contamination risk, contactless remote robotic 
surgery would be the ideal scenario to prevent pathogen spread as it 
technically can be conducted with only the presence of the patient 
in the operating room. This visionary setting would allow continu-
ing surgery during pandemics without risking increased contami-
nation. Modelling studies based on accurate contact tracing in the 
operating room to compare detailed scenarios in the surgical envi-
ronment with and without the use of robots would help to estimate 
the true benefit of robots in containing pathogen spread.

Beyond the pandemic, use of these technologies in surgical 
environments can provide other benefits to improve safety and 
efficiency for the patient and to serve rural areas more effectively 
through remote surgery. Utilization of AI, virtual and augmented 
reality can help the surgeon to make the procedure safer, for exam-
ple, by haptic feedback and projection of critical structures within 
the surgical field. Centralizing the assistive tools provided to the 
surgeon into a single component, for example, into a surgical glass, 
can simplify the application to the surgeon.

History shows that technology has advanced surgery more than 
any other field. Examples include the invention of imaging, the 
cautery, the microscope and many more. AI, machine learning and 
robotic technology may well be the next quantum leap.
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