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This paper investigates how a teleoperated surgical robot recon�gures teamwork in the operating room by
spatially redistributing team members. We report on �ndings from two years of �eldwork at two hospitals,
including interviews and video data. We �nd that while in non-robotic cases team members huddle together,
physically touching, introduction of a surgical robot increases physical and sensory distance between team
members. This spatial rearrangement has implications for both cognitive and a�ective dimensions of col-
laborative surgical work. Cognitive distance is increased, necessitating new e�orts to maintain situation
awareness and common ground. Moreover, a�ective distance is introduced, decreasing sensitivity to shared
and non-shared a�ective states and leading to new practices aimed at restoring a�ective connection within
the team. We describe new forms of physical, cognitive, and a�ective distance associated with teleoperated
robotic surgery, and the e�ects these have on power distribution, practice, and collaborative experience within
the surgical team.
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1 INTRODUCTION
Teleoperated robotic systems allow teams to perform work from a distance in areas that are
inaccessible or too dangerous for humans, often with a level of precision that exceeds human
capabilities or reducing cost as compared to sending a human into a di�cult to access environment.
A typical teleoperated robotic system consists of a robot and an interface from which a human
operator can control movement or other functions of the robot, usually through a set of joysticks or
using a computer mouse to click buttons in the interface [25, 49]. Commonly, the operator interface
also provides visual access to a live video stream from a camera mounted on the robot. The distance
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between the robot and the operator who controls it varies greatly, from a few meters to millions of
miles. For example, a surgeon may just sit a few meters away when performing complex minimally
invasive surgery with the help of a robotic system. Operators of robots that are used to support
disaster response teams [15] or teams in the military tasked with disposing explosive ordnances
[14] might operate the robot from a few hundred meters away. Military drone operators may sit
half a world away from the sites and targets of military strikes [3]. Robots used in space exploration
may be millions of miles away from their human operators [83].

Distance has long been recognized as an important aspect and challenge of technology supported
cooperative work. Controlling a robot from a distance brings many challenges well documented in
the literature of CSCW and allied �elds, including limitations in perception through the sensors of
the robot [12, 15, 83], a resulting lack of situation awareness [12, 21], and di�culties in building
shared mental models with other teammembers [12, 15, 58, 83]. As robot operators often collaborate
with workers that are at a distance from their own location [58], they may also encounter challenges
common to remote collaboration more generally, such as di�culties of maintaining common ground
[19, 38, 63], limitations in nonverbal communication and establishing joint attention [47] and
experience a reduced in�uence of telepresent team members on a larger collocated team [78].
Distance has also been found to matter when people interact directly with telepresence robots
[76, 82, 84] as people have been found to apply social norms about appropriate distance [29] directly
to robots.
Robotic surgery represents a special form of teleoperated-robot supported work. In contrast to

other cases in which the robot operator is a specialist that is added to the team, in robotic surgery
an existing team member, the surgeon, who is also leader of the team, takes on the role of the
operator. A robotic surgical system like the Da Vinci Surgical System (Intuitive Surgical, California,
USA) consists of a large robot with several arms to which surgical instruments and an endoscopic
camera are attached. The instruments enter the patient’s body through small incisions about the
size of a �ngertip (making robotic surgery minimally invasive) rather than through a long cut, as in
open surgery. The operator interface consists of a console through which the surgeon views a 3D
video stream from inside the patient, captured by the camera on one of the robot arms. The surgeon
controls movement of the instruments that are mounted on the robot arms with joysticks. Figure 1
provides an overview of a typical setup for robotic surgery, in which the surgeon (on the right) is
seated in front of the console, unscrubbed and turning his or her back on the patient (left). The
robot (center) takes up most of the space around the patient, where usually the team is huddling.

The Da Vinci Surgical System teleoperation robot is the most popular robotic surgical system in
current use, with about 877,000 surgeries performed with the system worldwide in 2017 [37]. It is
used for all kinds of surgeries, in the specialties of general, gynecologic, urologic, colorectal, cardiac,
thoracic as well as head and neck surgery. The premise of this technology is that the e�ectiveness
of surgical procedures can be greatly improved by overcoming a surgeon’s physical limitations [62].
Research has demonstrated several advantages over traditional open or laparoscopic1 techniques.
Robotic surgery holds several advantages over other currently available techniques (see inter alia
[10, 42, 67]). It can achieve higher precision due to reduced tremor and motion scaling. Vision
is improved as compared to laparoscopic surgery, in which surgeons have to rely on a 2D video
stream, and the possibility of magni�cation allows access to more visual detail than is available to
the bare eye in open surgery. Further, the robot reportedly reduces surgeons’ cognitive load and

1Open surgery: tissue and organs are fully exposed by a large cut, and the surgeon manually manipulates tissues and organs
in the cavity. Laparoscopy: instruments are inserted through small incisions ("keyholes"), the cavity is viewed through a
2D camera and instruments are inserted on long sticks that surgeon and assistant hold throughout the surgery. Robotic
surgery: instruments are inserted through small incisions but the robot holds them in place, surgeon and resident view the
cavity in 3D through large consoles and manipulate instruments through joysticks in these consoles.
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Fig. 1. Typical setup during robotic surgery. Two surgeons are operating from the consoles on the right, which
provide them with 3D vision. They are controlling the patient cart on the le�, with its four arms moving inside
the patient (under blue drapes). 2D endoscopic video stream from inside the patient is displayed to other
team members on several screens distributed within the room (e.g. middle, with nurse watching closely).

physical fatigue, allowing for longer and more e�cient scheduling and perhaps more ergonomic
working conditions [51]. While some evidence is mounting that these technical advances lead to
improved patient outcomes such as reduced recovery time and blood loss [10, 26, 52, 67], there
is still debate over whether robotic surgery allows signi�cant improvements for patients over
laparoscopic surgery and whether eventual bene�ts are justi�ed by increased costs [18, 28, 66].

While a considerable amount of research has focused on understanding how the use of the robot
impacts the practice and performance of the individual surgeon-operator, we know much less about
its immediate and wider e�ects on the surgical team as a whole. A small body of research has
begun to tackle this question, suggesting that the robot a�ects communication patterns and leads
to increased verbal communication [20, 50, 60, 72, 74, 86]. The robot has also been found to a�ect
teamwork by changing task distribution [2, 85]. To our understanding, no research has explored
speci�cally how the spatial displacement of the surgeon from the body of the patient and the huddle
of the team (as is typical in open surgery) to a more peripheral position at the robot console a�ects
surgical teamwork and experience more generally. Drawing on the well-established insight that
"distance matters" in shaping the collaborative practice and experience of teams [12, 15, 63], and
focusing on enacted work practice [65], the following questions emerge:

• How do teleoperated surgical robots recon�gure the spatial arrangement of surgical teams in
the operating room?

• How does this spatial recon�guration a�ect and remediate the work of broader surgical
teams, including in their material, experiential, and a�ective dimensions?

Drawing on ethnographic observation, interviews and video analysis of surgeries conducted with
and without the Da Vinci Surgical System at two hospitals in the USA, our work makes three central
contributions. First, we provide a detailed understanding of how introduction of a teleoperation
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surgical robot recon�gures the spatial arrangement of existing teams. Second, while most studies of
robotic surgery focus on the impact of the robot on the surgeon and patient, our research focuses
on the team and provides evidence that the use of the robot fundamentally changes how surgery
is practiced by the entire team. Third, we introduce a framework that helps to understand how
tele-robotic technology in�uences the interplay between space, task-related and interpersonal
aspects, by highlighting how changes in physical distance might lead to changes in what we refer
to as cognitive and a�ective distance.
The paper is structured as follows: In section 2, related work is introduced, covering work on

(robotic) surgery, teleoperation and distance collaboration, as well as proxemics. The ethnographic
method is described in section 3, illustrating data collection in the hospital and providing details
about the robot and teammembers. In section 4, the relationship between distance and collaboration
is analyzed from three perspectives, starting with physical aspects and moving on to task-related
cognitive distance and interpersonal a�ective distance. Finally, �ndings are discussed along our
proposed framework in section 5, pointing out implications for power distribution, team a�ect and
future applications of our framework before the paper concludes by summarizing key points in
section 6.

2 RELATEDWORK
The nature of surgical work is deeply cooperative, as evident for example in the joint act of passing
instruments between scrub nurse and surgeon [8, 80], coordination between surgeon and team
in providing and following instructions [57, 81], dynamic coordination of embodied actions in
anesthetic teams based on team members’ close mutual monitoring [32, 33] and the collaborative
sense-making of the patient’s body and surgical landmarks in laparoscopic surgery [43–46, 55]. The
cooperative character of surgical work is also re�ected at a higher level, as seen in collaborative
time management for surgical scheduling [4, 6, 22] or coordination between hospitals that a patient
is treated in, starting from diagnosis and preparations, to the actual surgery to after care [27].
Surgical work is characterized by a complex and long-established division of labor, and surgical
team members rely heavily on each other’s skills [35, 88]. At the same time, there is also a clear
hierarchy: authority lies with the surgeon, who is responsible for actions in the operating room
[35, 88]. Hirschauer [35] speaks of a "surgeon-body", pointing to an orientation in which team
members are seen as functional extensions of the surgeon’s acting body. Personal boundaries are
subordinated to the functioning of the team, and it is common for the surgeon to rely on other’s
bodies, for example when moving assistants’ hands into a preferred position or asking nurses to
wipe sweat from his or her forehead [35]. A unique characteristic of surgical teamwork is also its
close spatial organization in comparison to other types of teamwork [54]. Team members gather
around a prone and anesthetized patient, who is positioned at the center of a shared interactional
space and stand very close to each other [54], regularly making intimate bodily contact to achieve
their tasks [8].

There is mounting evidence that robotic surgery a�ects a team’s surgical practice in a number of
ways. First, the introduction of teleoperated surgical robots changes a team’s spatial arrangement,
separating team members in space [75] and placing the surgeon at a distance from both patient
[64] and team [2, 50, 73]. Further, the robot has been found to a�ect communication patterns
[13] leading to increased verbal communication [20, 50, 72, 86]. Nyssen and Blavier [60] found
a signi�cant increase of the number of communication acts in robotic surgery as compared to
laparoscopic surgery. Reasons for the increase in communication are a lack of situation awareness
of the surgeon [72, 73] and an increase in information �ow, as surgeon and team need to exchange
information about the state of the robot [13, 86]. Communication in the presence of the robot
has been described as more di�cult, as the robot introduces "an auditory, visual, and physical
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barrier between team members" [75, p. 3]; it may be harder for team members to hear each other
over the additional noise from the robot, something even the microphone system built into the
robot cannot fully compensate for. In addition, both vision and freedom of movement may be
impaired, as the robot takes up a large and usually central space in the operating room (including
crucial patient-side space). The robot thereby challenges - and in some cases outright prohibits
- certain forms of face-to-face interaction through large parts of robotic surgery [60, 75]. Proper
communication is crucial as poor communication quality in robotic surgery has been found to lead
to worse surgical outcomes [75].

The robot further redistributes tasks and roles on the surgical team, but research seems contra-
dictory on how this a�ects teamwork. Some suggest that the robot is taking over tasks from the
assistant [85] and task load is redistributed and centered on the surgeon [2, 73]. Others �nd that
the robot changes roles and work�ow in the team and team members have to carry out additional
tasks when operating with the robot [20, 50]. Furthermore, the role of the team is enhanced as they
have to communicate information that the surgeon lacks [72, 73], whereby the surgeon becomes
increasingly dependent on the team [50]. Finally, while teaching and learning is happening through
active participation in nonrobotic surgery, trainees get a more passive role in robotic surgery: they
spend a majority of their time only watching the surgeon operate on the robot, rather than acting
themselves [7].

2.1 Remote Collaboration in Teleoperation and Distributed Teams
With the surgeon being at a distance from the team during teleoperation phases, this work shares
some commonalities with distributed teamwork. In distributed teamwork team members are not
collocated in the same workplace but have to collaborate over distance. Distance collaboration has
been found to be challenging for a number of reasons [9, 19, 34, 38, 53, 63]. A major challenge lies
in maintaining common ground [17], shared understanding that forms the basis for coordinated
action. Team members need to ensure that they share relevant information or at least are aware of
information that distant team members do not have [9, 19, 38, 63]. Common ground includes task-
related information [9, 34] (e.g. knowledge of medical terms for the surgical setting), information
on the process of collaboration [9, 38] (e.g. timing of certain surgical actions) as well as contextual
knowledge (e.g. that it is a colleague’s last day at work) [19, 34, 63]. Thus, team members do not
only need to share information regarding the task but contextual and interpersonal aspects also
matter. The role of the team leader has been stressed as crucial for cultivating common ground
in tele-robot supported teamwork. Jones and Hinds [38] describe how a remote leader focuses on
the task of building a global understanding from information given by team members at di�erent
locations, allowing him or her to coordinate actions of the team members according to their local
perspective. In tele-robotic surgery, the team leader’s major task is to operate the robot, so he or
she may only have limited capacities for cultivating a global understanding of what happens in the
room and coordinating team members based on this.

Teleoperation and telepresence technologies pose speci�c challenges on the robot operator. As
they only allow limited sensory access, it is hard for the remote operator to maintain situation
awareness [24], which is expressed in di�culties to orient in the remote space [15, 21]. Struggles
to maintain situation awareness have also been reported for teleoperated surgical robots [73, 74]
and surgeons generally face di�culties in orienting and identifying structures inside the body
when relying on videostream provided by an endoscopic camera [46]. Maintaining common ground
is di�cult in many teleoperation settings, as not all members of the team that a robot operator
collaborates with can communicate with each other [58]. While it is mainly the surgeon and
assistant who are communicating in teleoperation phases of surgery, other team members such
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as the circulator can still contact the surgeon by walking over and initiating face-to-face contact
when necessary.

Finally, access to resources has been found as a crucial factor in�uencing collaboration between
collocated team members and team members interacting through a telepresence robot [78]. Team
members orient towards a telepresence robot when its operator has information which they do not
have, but largely ignore the telepresent team member when they themselves have access to this
information. In robotic surgery, the surgeon lacks access to information about what is happening
by the patient-side and relies on team members to communicate this information [74].

2.2 Space and Distance in Teamwork
While we have seen that large, geographic distances in�uence teamwork, distance is also relevant
for collaboration in teams on a more �ne-grained level, as distance between people is meaningful
for social interaction. Hall [29] has coined the term "proxemics" for the study of how humans use
space and orient to distance. The proximity at which people position themselves is determined by
their social relationship. Violations of the acceptable distance may provoke strong reactions and
both coming too close and staying farther away than expected may cause breaches [11]. In surgery,
interpersonal distance is di�erent from conventional social interaction and team members often
have to make intimate bodily contact to achieve their tasks [8]. If changes in distance are noted, it
seems likely that the increased distance between surgeon and patient as well as surgeon and team
will have social implications.

People do not only position themselves at a meaningful distance, but generally organize in space
in particular ways. Participants to an interaction usually arrange themselves in speci�c spatial
patterns with a shared interactional space (such as a circle), so-called "F-formations" [41]. Human
spatial arrangement is structured not only by the relation to other people but also by objects
(e.g. large tables) that invite certain arrangements while at the same time prohibiting others [77].
Similarly, technology impacts socio-spatial arrangements, as its interactive properties demand
certain spatial arrangements, which is referred to as "interaction proxemics" [48, 54, 61]. A small
tablet for instance requires people to huddle around it to see what it displays, while a larger screen
leaves more freedom in spatial con�guration [48]. In the operating room, the interaction proxemics
of touch-based displays placed far from the operative site have been found to sometimes be at odds
with the desired F-formation with the patient at its center [54].

2.3 Lessons from the Literature
Our review of the literature highlighted the highly collaborative nature of surgical work. We have
seen that surgical work is characterized by strong interdependence of tasks, hierarchy and working
in close proximity. We have reviewed evidence that the robot changes a team’s spatial con�guration,
and interpersonal distance. It introduces a barrier between surgical team members, which has
documented e�ects on communication and distribution of tasks and roles. Reviewing broader
work on distance in collaboration, we have seen that distance is relevant in a number of settings,
as it may a�ect situation awareness and common ground, and that telepresent team members
may have limited in�uence on the team. Distance also carries social meaning, as people follow
certain practices to position themselves in space with a meaningful distance to each other, and
this positioning can be mediated by technology. Despite understanding the importance of distance
in teamwork and a robot’s impact on a team’s spatial con�guration and interpersonal distance,
we have little understanding about the speci�c ways in which the use of a surgical robot a�ects a
team’s spatial con�guration, and what consequences this spatial recon�guration has for how an
entire surgical team performs its work.
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3 METHOD
Members of the research team carried out ethnographic �eldwork at two teaching hospitals in
the USA: a large medical center (H1) and a medium-size community hospital (H2). We shadowed
abdominal surgeries with two surgeons in H1, and gynecologic surgeries with one surgeon in H2.
We chose these surgical specialties due to their historical use of the Da Vinci Surgical System,
which was approved for these domains by the US Food and Drug Administration (FDA) more than
a decade ago. This enabled us to focus our inquiry on surgical practices that have evolved and
standardized over time instead of observing teams in moments of �ux and change.

Table 1. Overview of Surgical Procedures Included in the Analysis.

Surgical Procedure Type of Surgery Hospital Videotaped
(H1/H2) (yes/no)

Vulvectomy open H2 no
Partial vulvectomy open H2 no
Partial vulvectomy open H2 no
Vulvectomy + sentinel node dissection open H2 no
Cone biopsy open H2 yes
Vulvectomy open H2 yes
Cone biopsy open H2 yes
Partial vulvectomy open H2 yes
Partial vulvectomy open H2 yes
Partial vulvectomy open H2 no
Thyroid surgery open H1 no
Partial lymphectomy open H1 no
Splenectomy laparoscopic H1 no
Cholecystectomy laparoscopic H1 no
Apendectomy laparoscopic H1 no
Partial gastrectomy robotic>laparoscopic H1 no
Adrenalectomy robotic H1 no
Bariatric surgery robotic H1 no
TLH/BSOa robotic H2 no
TLH/BSO robotic>laparoscopic H2 no
Bilateral oophorectomy + node dissection robotic H2 yes
TLH/BSO robotic H2 no
Lymph node biopsy sentinel node robotic H2 yes
TLH/BSO robotic H2 yes
TLH/BSO robotic H2 yes
Oophorectomy robotic H2 no
TLH/BSO robotic H2 yes
TLH/BSO robotic H2 no
TLH/BSO robotic H2 yes
TLH/BSO robotic H2 no
TLH/BSO robotic H2 yes

aTotal Laparoscopic Hysterectomy with Bilateral Salpingo Oophorectomy
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Over the course of 14 months we observed a total of 31 surgeries (16 robotic, 15 nonrobotic), 12 of
which were videotaped (7 robotic, 5 open surgeries). The unrecorded surgeries included 9 robotic, 7
open and 3 laparoscopic cases (see Table 1 for details). In two cases the team switched from robotic
to laparoscopic surgery towards the end of the procedure; we counted them as robotic cases here.
We observed various types of surgery, all of them centered on the patients’ torso. Gynecologic
surgeries included hysterectomies (partial or full removal of uterus), oophorectomies (partial or full
removal of one or both ovaries), vulvectomies (partial or full removal of vulva) and cone biopsies
(removal of a cone-shaped piece of cervical tissue). While the former two are usually performed with
the robot, the latter two are typical non-robotic procedures. Surgeries shadowed in H1 included an
apendectomy (appendix removal), a cholecystectomy (gallbladder removal), a splenectomy (spleen
removal), an adrenalectomy (removal of the adrenal gland), a thyroid surgery, gastric surgeries
(partial gastrectomy, partial lymphectomy) and a bariatric (weight loss) surgery. The decision on
whether the procedure would be robotic, laparoscopic or open depended on many factors, and
varied between hospitals. Major factors are FDA approval for the speci�c type of surgery as well as
the patient’s individual body type (e.g. with morbidly obese patients laparoscopy is not possible,
meaning surgeons must turn towards robotic procedures as the only viable minimally-invasive
option). In H1, the robot was shared with other departments, and scheduling con�icts meant the
robot was not always available to both. Cost can also play an important role in hospital decision-
making processes, as robotic surgeries are signi�cantly more expensive than laparoscopic or open
surgeries. However, surgeons at our �eldsites did not report cost to be a contributing factor in their
planning for robotic cases. We interviewed di�erent stakeholders to represent di�erent perspectives
(see Table 2), such as surgical sta� (6 surgeons at hospitals in the US and Europe, 3 residents, 1
intern, 1 student, 4 �rst assistants, anesthetist, 7 scrub nurses, 6 circulator nurses, 1 charge nurse),
representatives of the robot manufacturer Intuitive Surgical, as well as a human factors expert at
the FDA, who was involved in the process of granting approval for the Da Vinci Surgical System
(see 3.3). Our general focus was on teamwork between surgical team members with and without
the surgical robot. We included all collected data in the analysis.

Table 2. Interviewee Roles and Number of Interviewees in these Roles.

Interview setting
Role Formal Informal Total

Surgeon 6 - 6
Resident - 3 3
Intern 1 - 1
Student - 1 1
First assistant 2 2 4
Scrub tech nurse 1 6 7
Circulator nurse - 6 6
Charge nursea 1 - 1
FDA human factors expert 1 - 1
Intuitive Surgical representative 2 - 2

Total 14 18 32
Formal interviews were scheduled ahead of time and were conducted via teleconferencing tools or the telephone.

Informal interviews were conducted in the �eld adjusting to in situ events and participants’ work practice.
aIn charge of scheduling and facilitating distribution of resources.
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3.1 Data Collection
Two of the authors carried out observations, separately joining surgical teams in the operating
room. We stayed with the nurses, usually entering the operating room when preparations for the
surgery started and leaving after the room had been cleaned following the last procedure of the
day. We collected detailed ethnographic �eldnotes during visits at both hospitals, while video data
was recorded in H2 only as sta�ng in the robotic team at H2 was generally more consistent and
stable when compared to H1. This enabled us to build trust over a longer period of time, ensuring
consent to record could be obtained. We found it helpful to only gradually bring camera equipment
into the setting, after building trustful relationships with the participants, as suggested by [30].
For videotaping, we used two camcorders and two GoPro cameras and an additional high-end
microphone placed at di�erent angles in the room in order to capture activities of the surgical
team (see Figure 2). We obtained informed consent before switching on recording equipment at
all times. As we recorded no patient information, we obtained consent from the patient verbally
before anesthesia administration. We informed patients that focus lay on the surgical team and
camera equipment would only be switched on after the patient was fully draped and therefore not
identi�able. All but one patient agreed to having their procedure videotaped. In total, we collected
68 hours of audiovisual data. Time codes of interesting events were registered in the �eldnotes to
facilitate retrieval of those instances from the data. In addition to the observations, we conducted
semi-structured interviews, organized around di�erent roles of the surgical team, bene�ts and
challenges of working with the robot, and team a�ect. Due to the speci�c working conditions
and work schedules, we decided to conduct some of the interviews in situ and more informally,
recording them on video and in the �eldnotes (see Table 2 for details). Nurses were often happy to
answer questions while preparing the room or waiting for the patient to arrive, but reluctant to
schedule a formal interview outside their working hours. The interviews labeled as formal were
conducted via teleconferencing tools or the telephone, each taking about an hour. All interviews
were transcribed and used to guide subsequent observations and interviews. All data is stored on a
password protected cloud drive, which only members of the research team have access to.
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Fig. 2. Layout of the room with camera positions. Sterile field in blue (circle), with scrub tech, student and
first assistant (RNFA) in sterile gowns. Circulator, surgeon, resident (surgeon in training) and anesthetist are
working outside the sterile area.
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Fig. 3. The Da Vinci Xi Surgical System. Le�: The robot patient cart with four arms, three of which are already
covered in sterile drapes. Middle: The consoles through which the robot arms are controlled. Right: Vision
cart doing the computations and displaying high-quality video from inside the patient.

3.2 Data Analysis
Data was analyzed using a grounded theory approach [16, 23, 79], a form of data-driven, open-
ended and inductive analysis characterized (as deployed here) by an orientation towards ordinary
and mundane practice rather than extraordinary events. During an initial phase of open coding,
�eldnotes, interviews, and video data were carefully reviewed and sorted to form an initial overview
of project materials. In a second step, key themes in the data were identi�ed and discussed by
members of the research team; one of these, "new forms of distance in robotic surgery", was selected
as the main theme for the current paper. Several subthemes (physical, cognitive, a�ective, and
hierarchical distance) were then identi�ed based on salient themes in the data. A period of focused
coding was then undertaken, during which all data was systematically re-coded and �eldnotes,
interview data and video clips related to the selected subthemes were identi�ed and compiled.
These data slices were then compared and contrasted with each other, identifying similarities,
variations and larger and recurring patterns in the surgical teams observed.

3.3 The Surgical Robot
The teleoperation robot used in the majority of surgeries was a Da Vinci Xi Surgical System. The
system consists of three components (see Figure 3): The patient cart (left) is about the size of a
large refrigerator and has four extendable arms that are operating inside the patient. The surgeons
control movement of the arms on the patient cart through the consoles (middle), which provide
3D video feed from inside the patient. The vision cart (right) contains all computing equipment,
a microphone system as well as a screen that displays the video feed in 2D for the team. A small
number of surgeries was carried out with the previous model of the robot, the Si system, which is
similar in size and shape but only has three arms.

3.4 Surgical Team Members
Surgical teams consist of several team members with di�erent roles and skills. The surgeon acts
as head of the team and carries out major parts of the surgery. Many surgeries also include a
�rst assistant to help the surgeon, which is often a speci�cally trained nurse (Registered Nurse
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First Assistant, RNFA). An anesthetist narcotizes the patient and monitors vital life functions
during the surgery. A scrub tech works in the sterile �eld and hands over instruments to the
surgeon, anticipating what tools will be needed next [8, 80]. Further, a circulator is needed to fetch
instruments from the non-sterile areas and to count sponges and tools throughout the surgery to
ensure nothing is left in the patient. The circulator also documents the surgery in the computer,
noting for instance administered medicine. Surgeries in teaching hospitals like the ones that we
conducted our research in may also include a range of residents, interns, and students, observing
and occasionally participating in elements of the surgical procedure. Thus, while a surgical team
consists of at least 5 members, in teaching hospitals it is often 8-10 people. Complicated surgeries
are often sta�ed in addition with several scrub techs and circulators.

4 ANALYSIS
4.1 Reconfiguration of Physical Distance
Comparing robotic with non-robotic surgery, we observed a recon�guration of space in general
and distance between team members in particular. We distinguish three ways in which the robot
spatially recon�gures the team by (1) displacing the surgeon from the team, (2) scattering team
members by taking their space around the patient and (3) introducing a visual barrier between team
members. The following two vignettes, brief �eldnote-based descriptions, set the scene and illustrate
how the robot changes distance as compared to non-robotic surgery. Vignette 1 depicts how team
members are in close physical contact during non-robotic surgery. During the teleoperation phase
of robotic surgery distance changes between all team members, which is described in Vignette 2.
In the following vignette, the surgical team is performing a partial vulvectomy.

Vignette 1. Physical Distance in Open Surgery.

The surgeon and his team are gathered around the patient. The surgery has just started
and the surgeon and his intern, a �rst-year surgeon-in-training, are discussing the
procedure in a low voice. The two of them are squeezing into the narrow space between
the patient’s legs, their heads are almost touching as they bend forward to take a closer
look. The surgeon is inspecting the patient with his hand. Behind the intern, a student
has positioned himself to closely watch the procedure, looking over their shoulders.
The scrub tech is standing by the patient’s left leg and watching the surgical work,
getting tools ready on her scrub table as she anticipates that they will be needed soon.
The surgeon requests the electrocautery device to be connected and starts teaching his
intern how to set the cuts for a vulvectomy. He lets her hold the pen-like device and
then grabs her hand and directs it, guiding not only the direction of the cuts but also
teaching her the right pressure. They work focused and quietly, the surgeon giving
instructions or checking back with the anesthetist in a low voice every once in a while.
The circulator watches the procedure standing close to her desk, ready to make calls or
fetch tools that are not on the scrub table. The space around the patient is crowded,
the entire team is huddled together, less than an arm’s length from each other.

The vignette illustrates the closeness of surgical team members and patient during open surgery.
A similar description holds for laparoscopic surgery. The team gathers around the patient in an
F-formation [41, 54], arranged in a circular pattern around the patient, who is at the center of their
shared interactional space. The team members are huddling in the limited space and surgeon and
intern are so close to each other that their bodies are touching. The surgeon directs the learners’
hands to teach them how movements and tissue should "feel". The other team members stand close
by, peeking over their shoulders to anticipate subsequent actions. Team members and patient are
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literally "in touch" with each other. As team members can see (and feel) each other, a lot of the
communication is happening nonverbally, as for example during the constant instrument handovers
between surgeon and scrub tech. The circulator can easily check back with the team by walking
over to the patient side.

Distance is more variable in robotic surgery. During preparation of the surgical site for the robot,
the team is grouped around the patient in a similar way as during non-robotic surgery. Docking
the robot is a crucial moment in which all team members get involved: the circulator is usually
moving the robot closer to the patient, struggling not to get too close and hit the patient. The other
team members are guiding this movement. Once this is accomplished and the arms are set into
the correct positions, the teleoperation phase begins. The team spreads out and distance between
team members increases dramatically. Vignette 2a illustrates how the surgeon is displaced from
the team when the robot comes into action.

Vignette 2a. Physical Distance in Robotic Surgery: Surgeon Perspective.
As the robot is docked into place, surgeon and resident remove their sterile coats and
gloves and move to the consoles at the far end of the room, which are hidden behind
anesthesia carts and screens. Turning their backs on the patient, they take a seat and
bend their heads down, pressing their face into a view�nder, which looks much like
giant virtual reality goggles. Someone has turned the lights o�. The surgeon instructs
his resident, who is sitting about two arms distance away from him at the other console,
immersed into three-dimensional live image from the patient’s abdomen. The surgeon’s
voice is picked up and ampli�ed loudly into the room over the speakers. He says "go
ahead", which is followed by the deep humming sound of the cauterizing tool.

As the vignette illustrates, surgeon and resident are physically removed from patient and the
rest of the team to a corner of the room, turning their back on the patient. In some operating
rooms consoles were also physically separated from the rest of the room by an arrangement of
screens and other machines. Once surgeons lean into the consoles, they see the patient’s body from
the inside, but at the same time, visually dislocate themselves from their surroundings in the OR.
Unless the surgeon leaves the console, establishing eye contact with others becomes impossible.
The robot thus does not only physically dislocate the surgeon to a corner of the room but also
prohibits face-to-face interaction with the team. Surgeon and resident are also at a larger distance
from each other as compared to open surgery, where they are often standing shoulder to shoulder
and the surgeon can direct students’ and residents’ hands when teaching.

As the surgeon is removed from the patient-side in robotic surgery, an additional team member,
a �rst assistant, is needed to support the surgeon from the patient-side, controlling the suction
machine and changing the robot instruments. The �rst assistant is also largely mediating interaction
between nurses and surgeon in robotic surgery. The following vignette illustrates how by its large
size, the robot distributes team members in space and introduces a visual barrier between them.

Vignette 2b. Physical Distance in Robotic Surgery: Team Perspective.
Between the patient’s legs, the �rst assistant is pulling back the wide transparent
plastic drapes around the robot arms, trying to get a better view of the student, who is
standing by the patient’s chest doing suction. The patient is positioned in an extreme
angle, her head only a few inches from the �oor and her legs spread high up in the
air. Her entire body is covered in light blue drapes, leaving only a small square area
of skin visible. This is where the four robot arms are inserted, moving up and down.
Live video-stream from inside the patient is projected onto three large LCD screens
spread throughout the room, making the surgeons’ actions available to everyone in the
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operating room. The anesthetist is hidden behind a light blue curtain, kneeling down
to give medication. Behind the robot base, the scrub tech is sorting the instruments on
her table, slightly moving from one foot to the other. Two circulators are talking in the
corner by the circulator desk, showing each other pictures on their phones. The team
is scattered throughout the operating room, out of view from each other.

As illustrated in this vignette and Figure 2, team members scatter throughout the room in the
teleoperation phase, leaving the original F-formation with the patient at the center. As the robot
takes up a majority of the space by the patient, team members have to arrange themselves with
respect to the robot. This becomes most evident for the role of the scrub tech, one of the most
important actors in open and laparoscopic surgery, whose usual place close to the patient is literally
taken by the robot. During non-robotic surgeries, scrub techs stay about an arm’s length from the
patient anticipating subsequent actions and skillfully handing instruments to the surgeon, often
communicating nonverbally (see e.g. [8, 80]). When the robot is switched on and driven to the
patient, the scrub tech has to move the scrub table to give way to the robot who is taking up this
space. The scrub tech moves further away from the patient, positioning the scrub table behind the
robot base. Thereby the scrub tech is not only positioned further from the patient but also from the
rest of the team members who work in the sterile area. Having to plan all movements around the
robot, the circulator is more restricted in his or her movement during robotic surgery. Even before
the robot is docked, it is taking up a considerable amount of space. In small operating rooms, we
have seen circulators crawl through under the robot arms, trying to avoid touching the sterile robot
arms that were blocking the way. When interacting and sharing information with the team, the
circulator can no longer address them all at once by moving to the sterile area around the patient,
but he or she has to move to di�erent locations, depending on the addressee. In such cases, her
mobility is increased as she is trying to obtain the right con�guration of information and resources
to complete her tasks [5].
The robot does not only distribute team members in space, but also introduces a visual (and

auditory) barrier. As the robot is very large and the arms are wrapped in large plastic drapes,
the robot occludes sight and prohibits face-to-face interaction during large parts of the surgery.
When the �rst assistant is positioned between the patient’s legs, he or she cannot see what is
happening around head and torso of the patient. This is especially problematic when students or
interns are tasked with changing robot arms and doing suction, as neither the surgeon, nor his
representative by the patient, the �rst assistant, can see what the learners are doing and largely
have to instruct them verbally. When the �rst assistant is positioned by the patient’s chest, he or she
largely loses visual access to the rest of the room. Similarly, the anesthetist is visually cut o� from
the team by the robot. In many open cases, a drape shields the operative area from the anesthetist.
In robotic surgery, a curtain is put up, separating the anesthetist from the sterile robot area. He
or she is thereby cut o� from most of the action in the room and the team members only learn
about anesthesia struggles when he or she verbalizes them. In many cases, the robot also blocks
sight between �rst assistant and scrub tech as well as scrub tech and circulator. While they could
anticipate subsequent actions by watching the work of the others or communicate nonverbally,
they now explicitly have to call each other in a loud voice when they need help. While the robot
takes up a lot of space and blocks view inside the OR, it allows to see what is happening inside
patient, as the surgeon’s actions inside the patient are projected on large screens spread throughout
the operating room. Even if it is only in 2D, it increases the team’s visual closeness to the patient,
allowing them to see much more detail than during open surgery. This also a�ects the nurses’
practice of predicting next actions: In open surgery scrub tech and circulator largely rely on the
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surgeon’s nonverbal conduct to predict which tools will be needed soon. In robotic surgery, they
orient to surgical actions displayed on the screens as relevant for predicting next tasks.

However, the robot does not only increase physical distance, but rather makes it more variable,
introducing a �uid back and forth between large distance and close proximity. Team members start
huddled around the patient, then spread out during the teleoperation phase. They come together
again to inspect the specimen (the organs and tissue they cut), and then spread once more to
close inner wounds. They �nish huddled around the patient, closing the incisions once the robot
is removed. Open and laparoscopic surgeries, in contrast, are more static, with the whole team
centered around the patient and only the circulator moving and fetching instruments every now
and then.

4.2 Reconfiguration of Cognitive Distance
As the robot alters physical distance, it also recon�gures cognitive aspects of surgical team work,
such as sharing information and building common ground related to the task. Spatial rearrangement
in robotic surgery results in a reorganization of information access. As team members do not have
access to the same information at the same time any more, additional communication work is
needed to maintain common ground. We use the term cognitive distance here to refer to distance
that emerges along cognitive dimensions such as the conceptual distance that exists between
di�erent understandings of the same situation that two people hold. First, we will illustrate how the
surgeon has to rely on the team to provide information about what is going on by the patient-side,
as the surgeon’s situation awareness is impaired. Second, we demonstrate how team members and
surgeon negotiate common ground about events that only the surgeon is aware of. Finally, we
show how the robot a�ects attention of the team.

4.2.1 Impaired Situation Awareness on Surgeon’s Side. Our video data and �eldnotes hold various
examples of the surgeon checking back with his �rst assistant, in order to make sure understanding
about a patient is shared. For instance, we observed a surgeon instructing his resident to be careful
about not scratching the bladder while maneuvering towards the uterus, when he suddenly stopped
his talk and initiated the following exchange:

SurgeonD: You’re pushin’, right?
First assistant: Pushin’, Sir

With a brief sentence, the surgeon asks for con�rmation from his assistant on whether he is
pushing. He is referring to an instrument that marks the uterus, which when pushed, makes it
easier for surgeon and resident to identify the organ. The �rst assistant responds in an equally short
phrase, con�rming that he is pushing and ending his statement with "Sir". As the surgeon’s situation
awareness about what is happening at the patient side is impaired, increasing cognitive distance, he
or she needs to rely on information from the team to maintain common ground. We have observed
various teams successfully communicate using this form of brief exchanges, a practice similar to
so-called "readback" [74] in aviation communication, in which all information is repeated, keeping
the length of utterances at a minimum and completing with a recognizable statement ("Sir" is used
equivalently to "over" in this setting). The surgeon does not use a speci�c addressing term, but
signals to the assistant that this is directed at him by increasing volume of these phrases.

4.2.2 Impaired Situation Awareness on Nurses’ Side. Often the surgical sta� does not have
the same informational resources as the surgeon, even though the surgeon’s movements of the
instruments are made available on screens distributed throughout the room. As the surgeon views
the video stream in 3D and is moving the tools, he or she has additional information, of which the
team is not aware. Therefore, if the surgeon is encountering trouble, he or she needs to verbalize
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it and bring the issue to the team’s attention. This is in stark contrast to open surgery, where all
team members share situation awareness and trouble is dealt with mostly nonverbally, without
interrupting the �ow of the interaction [31]. In the following example, the surgeon needs help
but �rst has to "convince" his team members of the cognitive distance between them, explaining
that something is wrong with the endoscope, hindering his sight. He asks his assistant by the
patient-side about the camera, but it turns out that he has not noticed any trouble yet. With the
help of the circulator, who can touch the non-sterile vision cart, the video feed on the screens is
changed, making the trouble available for the rest of the team, who only then have the informational
resources to jump to help.

Vignette 3. Negotiating Common Ground.
The surgeon complains about the endoscope. At �rst glance, the image on the screens
appears normal. The surgeon gives an explanation, since the rest of the team seems to
share this impression. He says that the camera image on his right eye is totally blurry.
They switch the camera feed on the screens and suddenly everything is heavily blurred,
making it hard to recognize blood vessels and smaller structures. The �rst assistant
grabs a towel from the scrub table and gets ready to clean the endoscope.

SurgeonD: What’s wrong with this camera today?
First assistant: Why, what’s wrong with the camera, Sir?
SurgeonD: I can’t get it clean it either

(cauterizing for 3 seconds)
First assistant: Which eye is it?
SurgeonD: The right

(4 seconds silence)
First assistant: Lucya
Circulator: What?
First assistant: Can you hit the right eye button

so we can see exactly what it is like that-
Surgeon: Go to the right, it’s totally blurry
Circulator: (presses button for right eye view)

(looking at screen) Oh
First assistant: (looking at screen) Oh alright

aAll names are pseudonyms.

The vignette and video transcript above show how the team is joining e�orts to address cognitive
distance between them. As the team does not share situation awareness, they need to increase
e�orts to negotiate common ground of what is happening with the camera. The above exchange
took roughly 30 seconds. This may not seem much, but in surgery, every second counts and such
extra e�orts matter, especially if similar situations occur repeatedly. Further, we would like to
point out that this is a highly-coordinated team that has worked together for several years. An
unexperienced group might have taken much longer to recognize the lack of shared situation
awareness.

4.2.3 Di�iculties in Maintaining Awareness. In the above paragraphs, we have shown how team
members struggle to maintain shared situation awareness and negotiate common ground. We want
to have a closer look at challenges team members may face with maintaining awareness of the
ongoing activities. The work during robotic surgery is focused on the surgeon, while the rest of
the team is left with little tasks, mainly waiting for the surgeon. This results in reduced attention
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and further increases cognitive distance. Several of the surgeons we interviewed described that
their team is losing focus on the task:

SurgeonD: [...] There can be extended periods where you don’t need anybody else to
do anything for you. When that happens they [the team] lose their focus, they start
talking, or doing whatever, and you’re o� in your own little world, and you might need
something. Hey, anybody hear me?
Interviewer: You guys?
SurgeonD: You guys pay attention I need help, because they’re not going to maintain
that focus if it’s not needed. It’s di�erent than the open surgeries, open you have
somebody focused on helping, or doing what they’re doing the entire case, this is
unfortunately not that way. [...] there’s a full-time interaction with your assistants in
open cases, so you’re both doing the case really. That’s not the case with the robot,
with the robot you’re sitting there by yourself.

Surgeons pointed out that the team does not pay attention in the same way as in open surgery,
and they may need to call them several times when they need their help. For di�erent members of
the team, this loss of focus may appear in di�erent ways. We found the circulator to often spend
time interacting with the computer or their smartphone. We also often saw circulators chat with
other team members. Scrub techs in contrast are sterile and cannot touch nonsterile things such as
their smartphone. While the major task and skill of the scrub tech is to anticipate which tools are
needed and to pass them over at the right time, there is less need for this during robotic surgery.
The robot takes over large parts of the work and we found scrub techs to spend most of the time
waiting for the robot to be undocked again. Even the �rst assistant, who is most involved in the
surgery because of their regular interactions with the surgeon, spent long periods chatting with
the circulator or scrub tech during extended periods of inactivity. While such down times are a
normal part of surgical routine, and as surgeons pointed out, are not a problem per se, extended
periods of passivity and distraction may become problems when they further impair situation
awareness and the team misses important information or fails to react quickly or anticipate when
help may be needed. Such problems may mirror those in other human-machine collaborations
where automation forces extended periods of passivity: for example, autopilot systems in trains
[87] or in self-driving cars [56]. While full focus is not required during large parts of the task, team
members need to stay aware of what is happening around them so that they are ready when their
actions are needed.

When problems with situation awareness persist and become too large, the �uid form of distance
allows the surgeon to get up from the console and move back to the patient, thereby decreasing
cognitive distance. This comes at a certain cost, taking time and requiring an additional pair of
sterile gloves and a sterile gown that need to be unpacked and put on. Nevertheless, when the
team faces trouble and maintaining shared situation awareness verbally becomes too di�cult,
the surgeon can move over to the patient side any time. Thus the team can move from remote
teleoperation to close collaboration in a matter of seconds.

4.3 Reconfiguration of A�ective Distance
The robot also recon�gures a�ective aspects of work, such as the team’s constant monitoring of each
other’s wellbeing. As team members heavily rely on each other’s skills, losing one team member
can impair the entire surgery. Therefore, it is important to ensure that everyone is feeling �ne and
that team member’s emotions and bodily needs (e.g. food, water, warmth) do not a�ect the surgical
outcome. Increased distance between team members in robotic surgery impairs this monitoring. We
use the term a�ective distance here to refer to distance that emerges along a�ective dimensions such
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as the feeling of emotional disconnectedness that people experience when interacting remotely.
First, we will illustrate how team members monitor each other’s state in moments where the robot
is not present, allowing the team to distribute workload and to maintain positive a�ect in the
operating room. Second, we demonstrate how increased distance between team members in robotic
surgery impairs these mechanisms and present an emergent practice developed for dealing with
this, namely, the team huddles right before the robot is coming into action, compensating for the
distance that they are about to face.
Surgical teams are constantly monitoring the wellbeing of each other, a phenomenon that we

observed in di�erent teams and throughout both preparation and the course of surgery. The
following vignette illustrates how team members react to each other’s a�ective state and o�er help
when needed. In this scene, the scrub tech is hurrying to prepare sterile instruments on his table
before the surgery when he accidentally drops one of them.

Vignette 4. Displaying sensitivity towards team members’ a�ective state.

Meanwhile, the tech nurse is busy at the tool table, working quickly to prepare with a
concentrated look on his face. He drops something and swears. A co-worker comes
over and touches him gently on the back. "You seem stressed. Are you?" "Yes", he
replies. She o�ers, "Let me help you set these out" and starts working alongside him to
accomplish the task. As the patient and surgeon both are scheduled to arrive soon, he
is under pressure.

The �eldnote excerpt illustrates how team members are sensitive to each other’s a�ective state.
The scrub tech is setting up the instruments on the sterile table, hurrying to get everything ready
before surgeon and patient come in. Another nurse notices that he is stressed and asks him about
it. When he con�rms, she starts helping him with his task to accomplish it faster. This is only one
of many examples, showing how team members communicate their a�ective state. We found team
members to be very open about their a�ective state, allowing their colleagues to react quickly.
Monitoring of a�ective state does not only happen between nurses, the entire team is involved in
this process. Re�ecting the surgical hierarchy, nurses have pointed out to us that "the surgeon’s
emotion sets the whole tone for the room" and a circulating nurse explained that they put e�orts
into making the surgeon feel safe, explaining that "if the surgeon gets stressed, the team gets
stressed."
In robotic surgery, constant monitoring for each other’s wellbeing is impaired, as the impaired

visual access often results in a lack of awareness of others’ emotions. One of the surgeons we
interviewed illustrated this, stressing that he is unaware of what his interns are experiencing while
he is operating through the robot console.

Interviewer: Do you think there are types of communication that you miss that aren’t
translated into language or verbal communication? Like cues, I don’t know. Do you
think-
SurgeonF: Yeah, I do understand what you’re saying. I don’t think you miss that much
that sort of jeopardizes the patient, but if someone had an angry face, or rolls their
eyes, I don’t see that. Normally, you pick up on that, and respond to that. But if an
intern for example feels sick, or feels unhappy with what she’s doing, or he’s doing I
can’t see that, they need to speak up.

As the robot obstructs face-to-face interaction, team members are likely to overlook nonverbal
cues such as an angry face or an eye roll. Thereby, a�ective distance is increased. Emotions thus
have to be verbalized in order to be noted by the team. It is not only the surgeon who does not
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Fig. 4. Team members huddling together before the teleoperation phase. Upper le�: Circulator and scrub
tech take a look at the surgeon’s Halloween-themed co�on cap. Upper right: Scrub tech is pointing out that
there is a SpongeBob, first assistant starts moving. Lower le�: First assistant walks around patient to take a
look. Lower right: Circulator, scrub tech and first assistant are huddling around the surgeon, taking a look at
the prints on his cap. The resident (far le�) is watching them.

"feel" what is going on with the team, but the team also lacks information about how the surgeon
is feeling. One surgeon said that he was "feeling lonely" when he was operating by the console,
away from his team.

We noticed several teams huddle before the teleoperation phase as well as surgeons joining their
team at the end of a surgery, when assistant, resident and students are closing the incisions. The
surgeon is not needed during this task, but seems to enjoy joking with the team for a few minutes
before leaving the room. We observed an interesting situation illustrating how the team might
be trying to make up for the distance during the teleoperation phase by huddling together before
the robot comes into action. In H2, some of the surgical sta� was wearing cotton caps under their
hair nets. Usually, the surgeon would not wear such a cotton cap, but shortly before Halloween, he
came into the operating room wearing one. During preparations of the patient, one of the nurses
pointed out that he was wearing a special cap and the others came closer. Figure 4 shows how
the nurses gather behind the surgeon, who is seated while vaginally inserting an instrument that
will later support the surgery. They huddle together behind the surgeon and carefully touch his
head. The �rst assistant also joins them, and the two nurses point di�erent �gures on the cap out
to him - SpongeBob, Patrick and a pumpkin. The surgeon lets them touch and gesture behind his
head, joining the joking conversation about his cap. The team is in a happy mood and continues to
prepare the patient after this brief moment of huddling together just before the robot will separate
them.

As the struggles with cognitive and a�ective distance are brought about by the recon�guration
of physical distance in the operating room, it seems that returning to the huddle of the team
helps in addressing these challenges. When cognitive distance cannot be overcome by verbal
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communication, surgeons get up from the console and walk over to to patient and team. Similarly,
a strategy to address a�ective distance seems to be to increase the huddle before and sometimes
after teleoperation phases in robotic surgery.

5 DISCUSSION
We have shown how the robot recon�gures spatial arrangement of the surgical team in three ways,
by (1) placing the surgeon at a distance from the team, (2) scattering team members by taking
their space around the patient and (3) introducing a visual barrier between team members. This
physical rearrangement changes the way team members collaborate, increasing both cognitive
and a�ective distance. We have shown practices that team members in robotic surgery employ to
maintain common ground and when struggling with shared situation awareness, especially as their
tasks are increasingly decoupled. We have also shown how a�ective awareness and sensitivity may
be undermined, and the work that surgical teams perform to correct or make up for that lack: for
example, by increased interpersonal interactions before and sometimes after the robot comes into
action, trying to cope with the reduced a�ective awareness among the team during teleoperation
phases.

We have developed a framework that helps to understand how tele-robotic technology mediates
practice by looking at the interplay between space, cognitive and a�ective aspects. This framework
has helped us to understand robotic surgery as a hybrid form of collaboration, which shares
characteristics of both distributed and collocated teamwork. We will �rst discuss this �nding and
then show how our framework has made this �nding possible.

5.1 A Hybrid Form of Distributed and Collocated Teamwork
Interestingly, our �ndings on situation awareness and common ground suggest that work with a
teleoperated surgical robot, while being collocated, exhibits phenomena known to be characteristic
of distributed teamwork. Challenges with situation awareness to the degree we observed here have
rarely been reported for collocated work before. Increased e�orts for establishing and maintaining
situation awareness have been described for collocated settings that require team members to
constantly coordinate with the actions of other team members, while engaging in their own distinct
task, such as in news rooms, police operation rooms and tra�c control centers [31]. Practices for
maintaining awareness in surgical settings in which team members are gathered around the patient,
such as microscopic surgery [1] and cases in which surgeon and anesthetist need to work in the
same space, on the patient’s throat [31] have also been described. However, in these collocated
settings, team members largely rely on nonverbal cues to bring certain aspects to the attention
of other team members, without interrupting the �ow of other ongoing activities [1, 31]. To our
understanding, previous research on situation awareness in collocated settings has not addressed
settings in which the use of nonverbal cues is largely prohibited and in which maintenance of
situation awareness therefore has to be negotiated verbally. As team members have to explicitly
ask for and share information verbally, the challenges with situation awareness described here for
robotic surgery are more similar to distributed collaboration settings.
The idea of robotic surgery as a practice that shares characteristics of both collocated and

distributed teamwork is also re�ected in our �ndings on the struggles to establish common ground
in robotic surgery. Di�culties in maintaining common ground are typical for remote collaboration
[19, 38, 63]. Our examples illustrate how both the remote surgeon and the collocated team members
lack crucial information to fully make sense of the situation: the surgeon misses what is happening
around him or her as he/she is fully immersed into the patient. On the other hand the other team
members have better contextual awareness, but they only seemingly share the surgeon’s view
as sometimes crucial detail is only accessible through the 3D perspective that only the surgeon
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has access to, as illustrated in 4.2.2. Similar phenomena are known from distributed teamwork:
maintaining awareness of the knowledge that the other side does not have is di�cult for dispersed
teams, leading teams to assume that they share common ground while they in fact do not [19].
To our knowledge, such problems have not been described for building of common ground in
collocated settings. In this sense, while being collocated in one room, the teleoperation phase of
robotic surgery exhibits challenges for teams that have only been described for distributed teams
to this point.
Finally, the hybrid character of both collocated and distributed teamwork becomes evident in

the practice of huddling before and after teleoperation phases, as described in section 4.3. Team
members use the collocated phases to build a�ective ground [40], as the possibilities for doing so are
limited during distributed teleoperation phases. Research on distributed collaboration has pointed
out the importance of regular intensive face-to-face interaction for (among others) relationship
building and communication of complex messages, and e�ective globally distributed teams have
been found to rhythmically intersperse their remote collaboration by face-to-face meetings [53].
Our �ndings suggest that this does not only apply to distance on a global scale but also holds for
shorter distances as in the operating room. The team’s practice of huddling before long stretches of
being distributed in space is in line with practices that successful global teams apply, showing once
again the similarities robotic surgical work, while collocated, shares with distributed collaboration,
thereby resulting in a hybrid form of distance work. In the following paragraphs we will detail
how our framework led us to this insight, by uncovering practices that would be inaccessible to
analysis otherwise.

5.2 Spatial Distance
We have seen that the use of the robot changes the spatial positioning between surgeon and
team members as compared to nonrobotic surgery. While others have reported changes in spatial
positioning of team members as compared to nonrobotic surgery [2, 50, 64, 72, 75], and described
the robot as a "barrier between team members" [75, p. 3], they have not described changes in
distance between surgeon and team members in a systematic way, as we have done within our
framework. We studied how the robot recon�gures spatial positioning of team members in di�erent
roles and how it remediates individual team members’ distance to each other and to the patient.
Thereby, we could gain deeper insights into how technology in the form of a teleoperation robot
remediates spatial aspects and distance in particular. Studying distance changes in a systematic
way led us to the understanding that given the close and often intimate working conditions in
nonrobotic surgery, changes in distance during teleoperation phases are quite dramatic for the
team. While team members usually gather in close, often intimate, physical contact, the robot
redistributes them throughout the room at distances similar to those between co-workers in an
o�ce space.
Operating rooms are full of machines, which mediate practice by their sheer size or shape [77]

and their speci�c interaction proxemics [48]: e.g. a computer screen outside the sterile �eld cannot
be touched by sterile surgeons, leading them to ask nonsterile team members to manipulate images
on the computer [54]. However, the robot is unique in its dramatic change of interaction proxemics.
The distance increase evoked by the surgical teleoperation robot is a multitude of the common
distance in nonrobotic and non-teleoperation phases and persists for large parts of the surgery.
Translating this distance increase to an o�ce setting, co-workers who used to share the same
desk group would be moved to another �oor or building. Distributing team members in space, the
robot allows for more personal space and less intimate touch. At the same time, the robot largely
prohibits nonverbal interaction, thereby shaping new interaction practices, such as uncovered by
the cognitive and a�ective lenses of our framework.
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5.3 Cognitive Distance
Taking cognitive distance as a lens to study how the robot remediates teamwork in the operating
room enabled us to understand changes in task-related practices as a result of physical changes.
Making use of our framework, we can not only describe how the robot mediates practice but also
explain it as a result of the increased distance. As we have illustrated in sections 4.2.1 and 4.2.2, team
members employ speci�c practices to build and maintain common ground during robotic surgery.
In line with previous research [20, 50, 60, 72, 86], we observed an increase in verbal communication
in robotic surgery as compared to nonrobotic surgery. We observed that establishing situation
awareness is a challenge for surgeons when in the role of the robot operator. This is in line with
previous work on surgical robots [72, 73] and literature on teleoperation [12, 21]. Further, di�culties
with building and maintaining common ground in robotic surgery have been reported by others
[13, 86]. As reported also by Randell and colleagues [73], the surgical team successfully adjusts
communication practice to mitigate challenges in grounding by employing readback, a strategy
from airplane communication, to ensure that both sides have understood the information that has
been verbally transmitted.

While previous work is largely in line with our �ndings, it has failed to provide comprehensive
accounts of why team members adjust their practice. Applying our framework, lack of situation
awareness and di�culties in establishing common ground can be understood as a result of changes in
spatial arrangement. Establishing a focus on distance, relation to similar �ndings from collaboration
over distance [19, 38, 63] becomes possible. The increase in verbal communication is the result
of practices that team members develop to address the lack of situation awareness and common
ground as surgeons and team members need to ask for information explicitly (see 4.2.1 and 4.2.2).
Thereby, our framework does not only shed light on how practice is mediated by a teleoperation
robot but also provides insights on the underlying reasons of why this happens.

Previous work [13, 86] describes an increase in information �ow, which it attributes to the fact
that information on the state of the robot needs to be communicated. This is certainly true for
some interactions (see e.g. Vignette 3), when trouble with (parts of) the robot occurs and needs to
be dealt with. In the teams we observed, such trouble was largely �xed nonverbally after common
ground on the problem was established. We would like to stress that more information than only
on the state of the robot needs to be communicated explicitly in robotic surgery, as the surgeon
is largely unaware of team member’s actions, independently of their relation to the robot (see
e.g. 4.2.1). The robot thus mediates communication on a more general level, as team members
need to verbalize all information that is relevant for maintaining common ground on the surgery
during the teleoperation phase. [13, 86]’s studies were done in the early days of robotic surgery
and largely re�ect the team’s struggle to get accustomed to a new technology. As our study shows,
�ndings may be more comprehensive when focusing on enacted practice [65] and studying how a
technology mediates practice on a long-term basis.
Furthermore, focusing on the entire team, we gained a more thorough understanding of how

teamwork is mediated by the robot. While previous work has described the lack of situation
awareness for the surgeon, we would like to stress that this phenomenon occurs both ways and the
team also sometimes lacks situation awareness of what the surgeon experiences (see 4.2.2, 4.2.3).
The role of a lack of situation awareness for the team as a whole has largely been neglected by prior
work. Our research extends understanding of situation awareness in teleoperation by showing that
di�culties in situation awareness are not limited to robot operators but are an issue faced by both
the operator and the team and mutual e�orts are required to build shared situation awareness.

Proceedings of the ACM on Human-Computer Interaction, Vol. 2, No. CSCW, Article AuthorsVersion. Publication date:
November 2018.



AuthorsVersion:22 H. R. M. Pelikan et al.

5.4 A�ective Distance
Changes in spatial distribution and speci�cally distance do not only a�ect task-related "cognitive"
aspects, but also in�uence a�ective practice. As we have shown in section 4.3, team members are
highly sensitive for each other’s a�ective state and develop practices to deal with a�ective distance
during robotic surgery. They increase the huddle, sometimes decreasing distance to zero: the nurses
are touching the surgeon’s head before the robot is entering the surgical �eld (see Figure 4). Our
framework has proved crucial for this �nding, as it highlights the close connection between spatial
distance and a�ect. Puig de la Bellacasa [69] has pointed to the relation between physical proximity
and a�ect: being in close proximity allows being in touch, physically and a�ectively. Understanding
touch as a way to make sense of the world, touching someone may be understand as getting a
feeling for how the other is doing. While this connection has been pointed out before, it has not
been consequently applied to understand work practice. Our framework has helped to uncover
the connection between being in close distance, which allows touch, and being in a�ective touch
with each other. The team’s huddle in robotic surgery then may be understood as a practice to
make sense of the team member’s a�ective state. As touching someone inevitably implies being
touched as well [69] the huddle can be understood as a practice for mutual a�ective sensemaking.
This �ts well with the notion of "a�ective grounding" put forward by Jung [40], who proposes
that participants of an interaction not only have to coordinate on process and content but also
on a�ect, developing a shared understanding of the a�ective dimension of their interaction. It
is important for team members to coordinate on their a�ective state in order to maintain close
collaboration. In this sense, our work extends the understanding of a�ective grounding by showing
how the huddle of a team is a practice to build and maintain a�ective ground in a high-stress work
environment. Focusing on the close connection between proximity and a�ect, our framework has
helped to uncover previously disregarded aspects of surgical work. Hirschauer [35] claims that
team members suppress expressions of emotion. While we have indeed not observed emotional
outbursts (e.g. someone shouting in anger), we did identify moments when the a�ective awareness
and the coordination of the team’s a�ective state became relevant, such as illustrated in Vignette 4.
As a�ective ground is negotiated largely nonverbally and communicated through touch or close
distance, it seems to have been easily missed by other analytic approaches.

5.5 Implications and Future Work
Recon�guration of teamwork into a form of collaboration that shares characteristics of collocated
and remote teamwork has several implications for our understanding of tele-robot supported surgery
and teamwork. First, there are implications for the distribution of power within surgical teams: In
contrast to [38], the surgeon as a leader is not tasked with cultivating a global understanding of
what is happening in the operating room and coordinating action but rather has to carry out his or
her own task and the entire team has to work on maintaining common ground and coordinating
actions. When the surgeon as the leader of the team is remote in the role of the robot operator, the
power structure is a�ected, as team members who have little in�uence suddenly gain in autonomy,
as the surgeon is dependent on them to give appropriate feedback or carrying out actions by
the patient-side which the surgeon cannot oversee. This is in line with previous work, which
suggests that the role of the team is enhanced [72, 73] as the surgeon is dependent on the team
to communicate crucial information [50] and to carry out additional tasks [20, 50]. The robot
thus changes power relations, as everyone is mutually dependent on each other for exchanging
information and maintaining common ground. If the head of the team is removed to a more remote
site and not visually present any more, this may change power relations as new dependencies are
created. At the same time, the design of the robotic surgical systems re-enforces existing power
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structures, as it centers task load on the surgeon [2, 73], neglecting the relevance of the other team
members or even taking over their tasks [85]. The use of the robot facilitates a power structure that
stresses the role of the surgeon as the most important member of the team while deemphasizing
the importance of other team members. While the literature has been divided on this, we would
like to stress that this duality seems to be inherent and characteristic of this work. Focusing on
the surgeon as the main actor in the role of the robot operator, one may easily overlook the team,
yet, without the team the entire surgery would be impossible, as the surgeon would constantly
have to move back and forth between patient-side and robot console, scrubbing and unscrubbing
as he or she enters and leaves the sterile �eld. Recent work has shown that con�ict in surgical
teams is often initiated by team members who rank high in the hierarchy, such as the surgeon
[39]. While [39] studied open and laparoscopic surgeries, they did not include robotic surgeries in
their analysis. It would be interesting to investigate in future research whether the shifts in power
dynamics in robotic surgery also have an impact on con�ict.

Second, we have shown the importance of sensitivity to individual and collective a�ective states
in maintaining more positive and collaborative working relations. Tele-robot assisted surgery as
practiced in the settings we studied relies on increased engagement in a�ective grounding during
collocated phases, thereby making up for the reduced sensitivity during distributed teleoperation
phases. As the importance of regular intensive face-to-face interaction has also been pointed out
for e�ective globally distributed teams [53], we think this is a crucial practice for distributed
teamwork and teleoperation in general, independent of the amount of distance between team
members. Taken more broadly, and consistent with recent scholarship in science and technology
studies [36, 59, 68, 70, 71], this �nding connects questions of distance and mediation to the ongoing
centrality of care work in the relationships and practices of teams, (reminding us that surgical
teams not only perform but also in some measure run on care). The a�ective implications of the
introduction of robots into collaborative work settings like the one studied here deserve further
and careful study, and should be brought more squarely into the design, deployment, and creative
organizational adoption of emerging robotic technologies.

Third, the framework we have developed for studying how technology mediates teamwork and
practice in a close-knit team may also be useful for studying technologies other than teleoperation
robots. Krogh and colleagues [48] have shown that displays of di�erent sizes have di�erent interac-
tion proxemics, a�ording users to spatially arrange themselves around a display with respect to its
size. As we have demonstrated how spatial recon�guration may in�uence cognitive and a�ective
aspects of teamwork, it is likely that such di�erent spatial con�gurations a�orded by a speci�c tech-
nology may also bring about di�erences in a team’s cognitive and a�ective practices. This should
be investigated further, as it may help to uncover how technology a�ects collaborative practice
and sensemaking - not only with respect to task-related aspects but also in terms of interpersonal
a�ect. It could be especially interesting to apply our framework in telepresence settings, as spatial
positioning and interpersonal distance are constrained by the telepresence technology. Scrutinizing
how di�erent spatial arrangements and distance a�orded by telepresence devices (e.g. team member
tele-present on a hand-held smartphone vs. via a telepresence robot that physically joins the team
vs. on the distant screen of a conference room) mediate cognitive and a�ective aspects of teamwork
could yield interesting insights. Finally, our physical-cognitive-a�ective distance framework is
not only useful for the study of how existing technology mediates teamwork but also relevant for
designers of collaboration technology. The insight that di�erent physical distances facilitate or
inhibit certain cognitive and a�ective practices may be used to purposefully evoke certain practices
by building particular interaction proxemics into a collaboration technology, e.g. forcing team
members to huddle or spread in order to accomplish their tasks. Designing with distance in mind
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may thus allow to gently nudge teams towards e�ective collaboration practices in cognitive and
a�ective terms.

6 CONCLUSION
In this paper we have investigated how team practices are recon�gured when an existing team
member, the leader, takes on the role of the operator for a telepresence robot and is thereby placed
at a distance from the team. Analyzing changes along physical, cognitive and a�ective dimensions,
we have shown how the robot ultimately recon�gures collaborative practices within the team in
ways that show characteristics and challenges of both collocated and distributed work.
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