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a. Before the operation, the surgeon and Mako Product  b. The MPS and the scrub nurse start preparing the c. The scrub nurse manipulates the now sterile robotic
Specialist (MPS) review the Mako software containing robot for entering the sterile field by putting a protective  arm through several pre-determined motions (as
the 3D anatomy of the patient’s joint to plan and deter- drape over the robotic arm. indicated by the Mako software) to register the robotic
mine the surgical approach. arm for cutting.

d. The surgeon uses a probe on the patient’s bone to e. Asaw (for knee) or reamer (for hip) is attached to the ~ f. Atrial implant is inserted and the surgeon manip-
match the patient's anatomy in the room with the virtual  robotic arm, and the surgeon removes the amount of ulates the patient's leg to determine if the optimal
3D model in the Mako software. This is to “teach” the bone that was planned in step 1. The surgeon looks at implant positioning has been achieved. Again, the
robot exactly where the patient is within the operating the screen to accurately determine, in real-time, what surgeon looks at the screen to accurately determine,
theatre. they are cutting away. in real-time, if the desired outcomes of their surgical

approach has been achieved.

Figure 1: Makoplasty workflow: team interaction points with the Mako (a—f; illustrations by authors).
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Human-Robot Collaboration (HRC) in surgery is rarely a straight-
forward interaction between one human and one robot. In joint re-
placement surgeries performed with the Mako robot (Makoplasty),
the robotic arm enhances surgical precision while also affecting
how collaboration unfolds in the operating theater. Utilizing over
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80 hours of hospital-based fieldwork, including observations of 15
Makoplasty surgeries and 10 interviews, we examine how the Mako
robot shapes surgical HRC. We demonstrate how surgical teams
coordinate via tacit cues, negotiated boundaries, and adaptive role
shifts across phases of operation. Through vignettes, we highlight
the pivotal role of supporting actors, such as nurses and robotic
specialists, in maintaining flow and reveal how responsibility is
distributed temporally among actors depending on task demands.
We argue that surgical HRC is best understood as a multi-actor
choreography rather than a surgeon-robot dyad, offering design
implications for co-located surgical HRC systems that support dis-
tributed collaboration.

CCS Concepts

« Human-centered computing — Computer supported coop-
erative work; Empirical studies in collaborative and social com-
puting; Collaborative and social computing theory, concepts and
paradigms.
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1 Introduction

“Lights flare bright on the sterile floor, a robot waits,
cast in the score. Not fixed in place, nor free to com-
mand, a symbiotic bond set to the same stand. Gloved
hands in rhythm, a team aware, time to begin the
choreography of care” (First Author).

Human-Robot Collaboration (HRC) refers to the ways humans
and robots work together on shared tasks, most often imagined as
a dyad between a single operator and a machine [29, 62]. In surgi-
cal practice, for example, robotic systems such as Stryker’s Mako
Robotic Arm are introduced to support the surgeon’s hand, offer-
ing greater accuracy in bone resection (bone cuts) [43, 47, 55]. Yet,
collaboration in the operating theater is rarely so straightforward;
it brings together many hands, tools, and rhythms simultaneously.
Despite HRC’s growing attention in Human-Computer Interac-
tion (HCI) [26, 52, 65, 66], much of the literature remains tied to
controlled studies [62] or teleoperated systems [29], overlooking
co-located teamwork in real-world environments [36, 62].

To understand this complexity, consider the following moment
from our fieldwork, which captures the messy reality of the operat-
ing theater:

Vignette: Setting the Scene

The team crowds the patient; two surgeons and a robotic
arm aligned in purpose. From behind the console, the
eyes of the Robotic Specialist peek through the gap.
Heads bow so the scout nurse can slide the headphones
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over exposed ears. “Ready? Haptics on?” A nod and eyes
lock to the screen. The saw on the robotic arm begins to
sing, a high whine against the bone. Then, silence. The
blade stops. “Too many vibrations,” the specialist calls
out. The assistant moves instantly, twisting like a limbo
dancer to evade the robot’s line of sight while gripping
the leg to damp the tremor. Eyes return to the monitor.
Finger on the trigger. The choreography continues.

This scene illustrates that Makoplasty, joint replacement surgery
performed with the Makao, is far from a solitary interaction between
a user and a tool. Instead, it is a crowded, sensory-rich negotiation
where the robot serves as both a physical partner and a spatial
constraint. The surgeon’s hands are on the robot, but their atten-
tion is on the screen; the Mako Product Specialist (MPS) manages
the software that permits the physical action; and the scrub nurse
navigates the physical space the robot occupies. Studying HRC in
such real-world environments reveals complexities and interdepen-
dencies that are often hidden in laboratory contexts. Therefore, this
paper asks how collaboration is actually performed when humans
and robots share space in the operating theater.

Existing HCI literature predominantly characterizes surgical ro-
botics through the da Vinci robotic system, framing coordination
as a challenge of bridging the distance between a console-bound
surgeon and the patient-side team [14, 41]. While this work high-
lights the explicit communication required to sustain the “robotic
operating theater,” it overlooks the distinct dynamics of co-located
collaboration. Our study addresses this gap by examining the Mako
system, which closely situates the surgeon, scrub nurse, robot, and
robotic specialist together within the operating theater. This prox-
imity resolves teleoperation’s communication barriers but intro-
duces new socio-technical tensions over competition for space and
the maintenance of a collective rhythm. Through an ethnographic
account of “Makoplasty,” we demonstrate how the robot’s role as a
semi-autonomous physical constraint shifts the collaborative focus
from a distanced interaction to a multi-actor negotiation of labor
and space.

While the clinical benefits of Makoplasty for patient outcomes
are well-documented [6, 11, 42, 47], less is known about how the
system reshapes teamwork, responsibility, and role negotiation
in practice. In this paper, we approach the Mako not simply as a
surgical technology to be optimized, but as a site for investigating
the broader dynamics of multi-actor HRC in high-stakes, co-located
environments. Our study asks:

Research Question: How is Makoplasty teamwork enacted as an en-
semble form of Human-Robot Collaboration in a co-located operating
theater?

To address this question, we conducted an eight-month-long
ethnographic study of Makoplasty surgeries at the St Vincent’s
Private Hospital in Brisbane, Australia. Our fieldwork included in-
surgical theater observations of 15 live procedures and 10 informal
interviews with surgical staff during breaks, totaling over 80 hours
on site. Based on our analysis, we organize our contributions into
empirical, conceptual, and design insights:

¢ Empirical Contribution: We provide an in-depth ethno-
graphic account of Makoplasty, distinguishing co-located
HRC from the widely studied teleoperated (da Vinci) model.
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We detail how the surgical workflow relies not just on the
surgeon-robot dyad, but on a “co-located ensemble” that criti-
cally includes the Mako Product Specialist (robotic specialist)
and nursing staff.
Conceptual Contribution: We articulate a framework of
delegated responsibility and spatial negotiation. We show how
the surgeon offloads technical monitoring to the MPS to
maintain clinical focus, and how the team physically contorts
to accommodate the robot’s sensory requirements, redefin-
ing the “choreography of care” as a multi-actor challenge.

e Design Contribution: We offer guidelines for shifting from
user-centric to ensemble-centric design. We advocate for sys-
tems that support the full collaborative ecosystem; enhanc-
ing mutual visibility, supporting non-surgeon roles, and re-
ducing the spatial friction inherent in crowded, high-tech
operating theaters.

2 Related Work

Human-Robot Collaboration (HRC) research has moved beyond
early dyadic models toward richer accounts of teamwork. To sit-
uate our study, we first review how HCI and CSCW traditions on
coordination and articulation inform this shift. We then turn to the
operating theater as a paradigmatic site for co-located HRC, trac-
ing how ethnographic and human factors studies have examined
robotic surgery in both teleoperated (e.g., da Vinci) and co-located
(e.g., Mako) contexts. Finally, we contrast how a robotic co-located
system presents unique challenges compared to non-robotic co-
located systems in the operating theater.

Makoplasty serves as a paradigmatic site for theorizing ensemble
HRC because it forces the digital plan and the physical hand to
coexist in a single, crowded field. Unlike teleoperated systems that
separate planning from action across distance, the Mako system
fuses them in a shared space. This setting holds broader signifi-
cance for HCI as intelligent machines increasingly leave the cage
to work shoulder-to-shoulder with human teams. In these emerg-
ing contexts, collaboration will rarely be generic; it will rely on
ensembles where human actors contribute distinct skills and special-
ized expertise. Investigating these dynamics within the high-stakes,
constrained environment of the operating theater offers a critical
vantage point for understanding how such heterogeneous teams
navigate friction, rhythm, and responsibility in real-world practice.
This organization allows us to connect foundational insights on
teamwork with current challenges of surgical HRC, before high-
lighting how the Mako system reconfigures the choreography of
care.

2.1 From Dyads to Teams

HCT has a long tradition of studying how people coordinate work,
and these insights form a foundation for understanding HRC. Team-
work has long been a central focus of HCI. Early models, such as
the time-space matrix proposed by Ellis et al. [18], classified collab-
orative work along dimensions of spatial proximity and temporal
synchronicity. While influential, these frameworks abstracted the
nuanced, lived realities of cooperative activity. In response, eth-
nomethodological and workplace studies introduced more grounded
perspectives, emphasizing collaboration as a situated, embodied,
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and interactionally emergent practice. Suchman’s foundational cri-
tique of planning paradigms [58] underscored that human action
arises not from predefined scripts but through situated responses to
local contingencies. Building on this shift, Schmidt [50] introduced
the concept of articulation work to describe the often-overlooked
mechanisms by which coordination is achieved in practice.

A similar shift is now visible in HRC research. Early HRC stud-
ies typically addressed straightforward, task-oriented interactions
between a single human and a single robot. Recent work, however,
reconceptualizes HRC as a distributed, collective, and socially em-
bedded accomplishment [2, 8, 28, 60, 64]. This perspective gains
increasing relevance as robots acquire more capabilities [3], becom-
ing not only tools but team participants. Johansen et al. [29] trace
this trend across diverse domains, including telesurgery [14, 17, 41],
planetary exploration [61], and emergency response [59]. In these
contexts, robots actively reshape human practices around trust,
situational awareness, and coordination, becoming collaborative
agents rather than mere tools.

Across this literature, three analytical moves are evident. First,
some examine how robotic systems disrupt or reconfigure estab-
lished team practices [14, 41]. Second, others draw on established
theories of human teamwork to inform the design of robotic sys-
tems [30]. Third, a growing body of work adopts socio-material
perspectives that view the social and the material as inseparably
intertwined, to understand how collaboration emerges and evolves
when robots become integral to team dynamics [60]. Collectively,
these studies argue that HRC requires distinct rhythms, cues, and
forms of alignment that diverge from both automation paradigms
and traditional models of human-human interaction. For example,
Jung et al. [30] introduced backchanneling in urban search-and-
rescue contexts, demonstrating how subtle cues facilitate cohesion
within human-robot-human triads. Similarly, Tollinger et al. [61]
examined collaboration among scientists operating Mars rovers,
revealing how shared visual interfaces support collective planning
among spatially dispersed team members. Taken together, these
studies signal a shift from linear models of command and control
to more relational, emergent forms of coordination. To understand
and design for HRC, HCI researchers must move beyond dyads to
relational, team-based conceptualizations [52]. This pivot opens
the door to ensemble-based understandings of HRC, where coor-
dination is distributed across actors, tools, and environments. Yet
much of this work remains situated in controlled settings or me-
diated by distance. What has been less examined is how ensemble
HRC is enacted in co-located, high-stakes domains, where human
and robotic actors must work side by side. In this context, we use
the term ‘enacted’ to draw on Suchman’s distinction between pre-
scribed plans and situated actions [58]. We focus specifically on the
contrast between the system’s design, which predominantly targets
the dyadic relationship between the surgeon and the robot, and
its actual performance in practice, where this interaction emerges
as just one strand of a broader, team-based choreography. The fol-
lowing section explores how these conceptual shifts unfold in the
operating theater, a paradigmatic site for examining ensemble HRC
under conditions of urgency, constraint, and interdependence.
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2.2 HRC Teams in the Operating theater

Robotic surgery offers a critical site for studying co-located HRC
because the operating theater concentrates the very conditions
that make human-robot teamwork most demanding: high stakes,
temporal pressure, and strict spatial constraints. Prior HCI research
has focused on teleoperated systems, such as the da Vinci robot
[4, 5, 35], where the surgeon is physically separated from the rest
of the team. This separation illuminates how robotic mediation
redistributes coordination, communication, and trust. Pelikan et
al. [41], for instance, demonstrate how tele-surgical teams navi-
gate the physical, cognitive, and affective distances introduced by
console-based operations. Their work builds on Hirschauer’s [21]
ethnography of surgery, which conceptualizes the surgeon-body as
a coordinated collective in which gesture, rhythm, and proximity
replace explicit communication. In robotic contexts, this choreogra-
phy of care becomes more complex. Cheatle et al. [14] and Randell
et al. [45] demonstrate how surgical rhythm must be preserved even
as robotic systems redistribute labor and attention, while Catch-
pole et al. [12, 13] emphasize the unrecognized work that sustains
safe handovers and shared awareness. Collectively, these accounts
demonstrate that robots not only automate surgical tasks but also
reconfigure the distribution of work, attention, and responsibility.

Yet these insights are shaped by teleoperated configurations.
Whereas da Vinci ethnographies foregrounded collaboration at a
distance, Mako exposes how co-located human and robotic actors
negotiate proximity, rhythm, and shared responsibility. Unlike da
Vinci, Mako requires close spatial alignment within the sterile field
between the robot, surgeon, assistant, and the scrub nurse. Existing
studies of Mako, however, remain mainly technical or ergonomic,
examining factors such as learning curves [19, 33, 34], cognitive
load [1], or posture [53]. While valuable, these existing studies
concentrate on the surgeon’s adaptation and overlook the broader
collaborative ecosystem. The mandatory presence of an MPS in-
troduces a dual responsibility structure, placing a technical expert
(responsible for the technological side of the procedure) within the
theater as an active participant in the surgical flow. Scrub nurses
also engage directly with the robot, assisting with tool changes,
setup, and draping (see Fig. 1b-c). These roles are not peripheral
but integral to timing, rhythm, and safety, yet they remain under-
explored in existing research.

2.3 Robotic and Non-Robotic Co-Located
Systems in the Operating theater

To understand the dynamics of co-located HRC, it is valuable
to examine how other co-located technologies, specifically intra-
operative imaging systems, have already reshaped the operating
theater. Research in CSCW and HCI has shown that introducing
these systems does more than provide visual data; it fundamentally
reorganizes surgical teamwork by creating new focal points for
shared attention and coordination. Mentis et al. demonstrate that
in minimally invasive surgery, the team must engage in significant
articulation work to bridge the gap between the digital image and
the physical patient [37, 39]. These shared displays become central
to the team’s synchrony, requiring actors to align their gaze, speech,
and physical movements around a shared screen. However, existing
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Figure 2: The implant planning can be both displayed be-
fore and during the Makoplasty surgeries to inform surgical
decision-making.

literature primarily examines these dynamics through passive imag-
ing systems; tools that inform but do not act. The Mako system
presents a profound shift from this baseline; as a semi-autonomous
robotic arm, it possesses agency that directly constrains and informs
the team’s physical actions. It fuses the physical work of the robotic
arm with a digital interface that enables both pre-operative plan-
ning and real-time intra-operative flexibility to cater to individual
patient’s implant size needs, as seen in Fig. 2.

Such integration of digital planning and physical action relies
heavily on how information is displayed and consumed. Research
on Multiple Device Environments (MDEs) suggests that co-located
groups benefit from richly communicative environments that pro-
mote awareness through mutual gaze and shared artifacts [37].
Rooksby et al. extend this by describing the “second screen” phe-
nomenon, showing how users actively interweave attention be-
tween personal devices (like a phone) and a primary shared display
(like a TV) in an embodied, coordinated manner [48]. We observe a
parallel dynamic in Makoplasty. The MPS operates a personal com-
puter, a “second screen” visible only to them, while synchronizing
their actions with a primary monitor visible to the entire team.

However, unlike the systems described by Mentis [37], where
displays might offer varying information or require surgeons to step
away to view a secondary screen, the Mako’s screens are functional
duplicates, as seen in Fig. 3. The MPS manages its interface to ensure
the shared display provides an optimal view for the surgeon, such
as rotating the 3D model to match the patient’s real-time position.
In this sense, the MPS’s manipulation of the software constitutes
“work that enables other work” [49], a form of infrastructural labor
that allows the surgeon to read the display without breaking the
rhythm of the procedure. Finally, where Mentis et al. argue that
surgical training involves “learning to see the body” through a
mediated screen [38], we argue that co-located robotic surgery
adds a new requirement. The team must not only learn to see the
anatomy but must fundamentally understand how to let “the robot
see”; interpreting its field of vision and keeping clear of it while
being able to read the information it provides on its display.
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Figure 3: First author in a mock operating theater. Left-hand
side, shows the display that surgeons and staff gaze at (as in
this case, during bone cuts) and on the right-hand side, the
display of the MPS which mirrors the other display where
the “work that enables other work” is being done.

3 Method
3.1 Approach

To investigate how Makoplasty teamwork is enacted as an ensemble
form of HRC in a co-located operating theater, we adopted an
ethnographic approach [16, 44, 56]. Ethnography offers a unique
window into surgical practice, enabling us to capture the lived
realities of teamwork as they unfold in the operating theater. For
instance, as co-located observers of the operation, we witnessed
how a scrub nurse organized tools spatially based on the order in
which they were to be handed to the surgeon, or how the MPS
anticipated a surgeon’s preferred implant view before being asked,
and how team members subtly repositioned themselves to negotiate
scarce space around the sterile field. These moments, often treated
as routine by practitioners, reveal how collaboration is enacted
in ways that formal protocols or post-hoc interviews might not
capture. By immersing ourselves in the operating theater, we could
attend to both the expected and the unexpected and capture the
differences between how work is imagined or designed and how it
is actually performed [9, 12, 20].

Within HCI, there has been ongoing debate over whether ethnog-
raphy should be regarded as a method in the strict methodological
sense or as a broader orientation to inquiry. Randall et al. [44] ar-
gue that ethnography follows no fixed rules of application; instead,
it is a highly contextualized approach shaped by the researchers
conducting it and the setting in which it unfolds. We align with
this perspective. Consequently, we frame our study as ethnograph-
ically informed fieldwork. This approach is particularly suited to
the high-stakes environment of the operating theater, where ac-
cess is constrained and each patient’s anatomy requires tailored
approaches carried out by an alternating set of actors. In other
words, no two surgeries are exactly alike. We did not attempt to
reduce this variability through standardization; instead, we treated
it as a resource for analysis, prioritizing depth and richness of obser-
vation over breadth to generate situated insights into how surgical
collaboration unfolds in practice.
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To further support our inquiry, we complemented our ethno-
graphic approach with Socio-Technical Grounded Theory (STGT)
[22]. While Pelikan et al. [41] analyzed surgical observations using
classical grounded theory, we found STGT more appropriate for
our aims. Its inductive, iterative process is designed explicitly for
contexts in which social and technical systems are tightly coupled,
such that examining one without the other would offer only a par-
tial account [22]. We selected STGT not only because it foregrounds
this socio-technical coupling, but also because it enables us to cap-
ture emergent shifts in role negotiation and responsibility that arise
in tightly interwoven environments, such as the operating theater.
In contrast to traditional ethnomethodological or observational
approaches, STGT provides a more systematic and robust method
for generating insights from these dynamics, while maintaining
flexibility in the scope of analysis.

3.2 Setting and participants

The fieldwork was conducted between December 2024 and July
2025 at a private, teaching hospital in Brisbane, Australia that per-
forms a high volume of Makoplasty surgeries. Across the study
period, we observed 15 procedures performed with the Mako robotic
system. Before entering the operating theater, we contextualized
ourselves by reviewing the existing Mako literature and studying
publicly available demonstration videos on online channels such as
YouTube. This preparatory step familiarized us with the system’s
typical workflow and provided a baseline for recognizing devia-
tions, improvisations, and adaptations once in the field. The first
two were pilot observations, enabling us to test our data collection
approach and familiarize ourselves with the environment before
the full study commenced. These pilots were formative: they helped
us learn how to move appropriately within the theater space, refine
our notetaking structure, and identify early points of collaborative
tension around the robot. Table 1 summarizes these cases, including
the type of surgery and duration: seven Total Knee Arthroplasty
(TKA) cases, six Total Hip Arthroplasty (THA) cases, and two Par-
tial Knee Arthroplasty (PKA) cases. This distribution reflects the
typical case mix for Mako-assisted surgeries at the hospital.
Each operation involved a broader surgical team comprising:

o The lead surgeon

e The assisting surgeon (often newer to the Mako and oc-
casionally operating it under the supervision of the lead
surgeon),

e One or more scrub nurses responsible for preparing and
handling instruments,

e One Mako Product Specialist (technical specialist), and

e Circulating nurses managing supplies and documentation
(when scrub nurses were new to the Mako, circulating nurses
often guided them verbally).

e “The anesthetist was excluded from analysis, as they are
mostly passive throughout the procedure and do not interact
directly with the Mako, although their positioning occasion-
ally influenced Mako camera placement.

It is important to note that the Mako Product Specialist (MPS)
is a full-time employee of the manufacturer of the robotic system.
While industry representatives are common in orthopedic theaters,
the MPS role is distinct in its scope and intent. Unlike traditional
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Table 1: Overview of observed procedures with the Mako
robotic system

Number  Type of Makoplasty Duration
Pilot 1 Right TKA 95 minutes
Pilot 2 Left PKA 60 minutes
3 Left TKA 93 minutes
4 Right THA 99 minutes
5 Right THA 110 minutes
6 Left TKA 115 minutes
7 Left TKA 110 minutes
8 Right TKA 85 minutes
9 Right PKA 75 minutes
10 Right TKA 130 minutes
11 Right TKA 75 minutes
12 Left THA 120 minutes
13 Right THA 140 minutes
14 Right THA 110 minutes
15 Left THA 128 minutes

implant representatives who often advise on inventory to influence
component selection, the MPS has no commercial remit regarding
the implants used during the procedure. Instead, their role is strictly
operational, focusing on the technical setup and smooth functioning
of the robotic system to support the surgical team.

While the operating theaters at this hospital had slightly varying
layouts, the positioning of the Mako system was broadly consis-
tent across rooms. In THA (Fig. 4), the surgeon and robot were
positioned on opposite sides of the patient.

In contrast, in TKA procedures, the surgeon and Mako are placed
on the same side of the patient. For both TKA and THA, the con-
figuration was mirrored depending on the patient’s operative side
(Fig. 5), ensuring optimal ergonomics and access to the surgical site.

Nako Prodset Specialist

Figure 4: Operating theater layout example of a Mako-
assisted right hip replacement, adapted from: Stryker Inc.
[Public Domain], via Mako THA Application User Guide,
Stryker. (Note: The labels ’Mako Product Specialist’, ’Scrub
nurse’, ’Assisting’, ’Surgeon’ were overlaid on the original
image from the doc).
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Figure 5: Surgeon and Mako on opposite sides of the oper-
ating theater [Public Domain], via Stryker Inc. (Mako TKA
Application User Guide, Stryker). In contrast, for TKA proce-
dures, the surgeon and Mako are placed alongside each other
on the same side of the patient. For both TKA and THA, the
configuration was mirrored depending on the patient’s oper-
ative side (Fig. 5), ensuring optimal ergonomics and access
to the surgical site.

3.3 Data collection

Conducting observations in the operating theater required careful
navigation of a densely populated, high-stakes environment. The
sterile field around the patient was strictly off limits to non-sterile
staff, and maintaining awareness of this boundary was essential to
avoid contamination. This virtual boundary meant learning where
to stand, how to move in step with the surgical flow, and when to
engage without causing disruption.

Under our ethics agreement with the hospital (HREC_24-07_ABUR),
no video or audio recording was permitted in the operating theater.
Written informed consent was obtained from patients before obser-
vation. Being physically present in the surgical space presented dis-
tinct challenges: theater layouts were crowded with people, equip-
ment, and cables, and movement had to be carefully coordinated
with the rhythms of the procedure. We learned to read both explicit
and implicit cues from staff to navigate the space, moving only
when necessary and positioning ourselves to minimize disruptions
to the workflow. Our early pilot sessions were critical in this regard.
We entered the field as outsiders to clinical practice, and these ini-
tial cases allowed us to gradually build a working understanding of
theater norms, etiquette, and timing. In the early stages, we “pro-
ceeded with caution in all things,” learning progressively how to
orient ourselves, when it was appropriate to move, and when to
ask clarifying questions. These early experiences were captured in
our pilot observations, which also helped refine our data recording
structures.

Observations were typically conducted by two researchers (see
Fig. 6). To manage the constraint of having only two observers in
the theater at a time, we coordinated roles to minimize crowding
and reduce the risk of infection. One focused on detailed note-
taking of interactions, teamwork, and role negotiation, while the
other focused on spatial dynamics, positioning, and the flow of
people and equipment around the theater. After each procedure, we
compared and discussed our notes, highlighting notable moments,
clarifying uncertainties, and identifying emerging patterns. Where
appropriate, we were able to ask clarifying questions in the theater,
for example, about why a particular action was taken or to confirm
the steps of a procedure.
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Figure 6: Left: two members of the research team (left and
middle) and a Mako Product Specialist (right). Right: the
Mako Robotic Arm covered in a protective drape.

After the surgeries, where possible, we conducted 10 informal in-
terviews with surgical staff comprising three surgeons, four MPSs,
and three scrub nurses (Table 2). These conversations were typi-
cally held immediately after surgery in the break room, a setting
that allowed participants to reflect on the case while it was still
fresh in their minds and provided a natural context for debriefing.
Unlike the operating theater, where opportunities for dialogue are
limited, the break room created an open and relaxed space in which
participants could share their perspectives. Following Pelikan et
al. [41], we employed informal interviews to capture the personal
reflections of surgical staff, complementing our own “outsider’s” ob-
servational perspective. These interactions were unstructured and
conducted without a formal guide. Instead, they served as oppor-
tunistic debriefings, allowing us to clarify specific moments from
the surgery or discuss broader experiences staff had encountered
in other hospitals. For instance, these conversations were crucial
for identifying critical workflow disruptions that occur frequently
but we only observed once or twice during our specific observation
windows. Finally, in these informal interviews, staff would share
which moments introduced strain (both of physical and cognitive)
and how they experienced it.

We observed various surgical team configurations and noted sig-
nificant differences in the familiarity of surgical actors (surgeons,
MPSs, and nurses) with the Mako. We summarized participants’
experience levels in Table 2, distinguishing between high, inter-
mediate, and low familiarity with Makoplasty. These categories
are indicative rather than absolute, since even within a single year,
surgeons or staff may participate in hundreds of procedures. Inter-
estingly, we observed N_2 and N_3 working with the Mako for the
first time, offering a striking contrast with N_1.

The interviews clarified and expanded on our observations, fo-
cusing on how different Mako components (e.g., the robotic arm,
foot pedal, display screen, probe, and main body) influenced move-
ment in the theater, impacted workflow, and affected ergonomics in
tasks we had observed as either alleviating or burdening. We also
inquired about teamwork, examining how the Mako influenced co-
ordination between surgical roles. These practitioner perspectives
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Table 2: Informal interviews conducted with surgical staff in
the break room. Familiarity: High > 2 years; Intermediate =
1-2 years; Low < 1 year.

Role Familiarity Identifier
Surgeon High S_1
Surgeon Low S_2
Surgeon Intermediate S_3
Mako Product Specialist Intermediate MPS_1
Mako Product Specialist High MPS_2
Mako Product Specialist High MPS_3
Mako Product Specialist Intermediate MPS_4
Scrub Nurse High N_1
Scrub Nurse Low N_2
Scrub Nurse Low N_3

often complemented our “outsider looking in” view, contributing
to a more holistic understanding of HRC teamwork in Makoplasty.

Observational notes were recorded in a structured spreadsheet
organized by surgical phase and by Mako-related tasks (see Fig. 7).
We adopted three broad phases (pre-operative, intra-operative, and
post-operative), drawing on how surgical staff described the flow
of a typical Makoplasty. Pre-operative tasks encompassed prepara-
tory steps such as patient positioning, registration, and planning
(Fig. 1a-d); intra-operative procedures involved bone resection and
implant placement (Fig. 1e-f); and post-operative tasks included
closure steps, such as suturing and cleaning the Mako for the fol-
lowing procedure. This framing enabled us to capture not only
the procedural sequence but also to identify when and how HRC
became most salient across different stages of surgery.

These notes, together with interview summaries, directly in-
formed the development of ethnographic vignettes. For example,
the informal interviews helped add the personalized perspectives of
how surgical staff experienced the key moments we outline in the
vignettes. By “vignettes” we refer to short, narrative accounts that

& @ & @ &

Description Time

Figure 7: A screenshot of the structured spreadsheet used
for observational notes, organized by phases (e.g., Phase 1:
Pre-Op), division, description, time, and notes.
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reconstruct specific scenes in the operating theater, foreground-
ing the embodied practices, tacit cues, and spatial negotiations
through which collaboration was enacted. In the Findings section,
we use these vignettes to illustrate how ensemble HRC unfolded in
practice.

We acknowledge that our presence may have influenced par-
ticipant behavior; a phenomenon known as the Hawthorne or ob-
server’s effect [22]. However, from a constructivist stance, such
influence is not considered a threat to validity. Instead, interactions
between observers and participants are seen as part of the process
of co-constructing the reality being studied. Over time, staff became
more accustomed to our presence and shared more openly, offering
context and narrative detail that enriched our understanding. Our
position as outsiders to clinical work shaped what we attended to,
such as coordination, ergonomics, and role negotiation, rather than
clinical outcomes. We view this positionality as a strength, as it
enabled a complementary lens on collaboration that may be taken
for granted within routine clinical practice; further reflections on
the challenges of conducting this kind of in-situ research are pre-
sented elsewhere [63]. Consistent with Monahan and Fisher [40],
we consider that even when participants adapt their behavior in re-
sponse to being observed, these performances can reveal profound
truths about the social and cultural dimensions of teamwork in
Makoplasty surgeries.

3.4 Researchers’ Positionality

Before presenting the findings, it is necessary to clarify the research
team’s positionality. This study emerges from a collaboration be-
tween a university research center and an industry partner spe-
cializing in the manufacturing of hospital products and equipment,
including orthopedic robotics. While the partner organization was
instrumental in facilitating access to the surgical site and providing
technical context, they held no influence over the data analysis or
the interpretation of the findings presented in this work. To ensure
a holistic interpretation of the data, the research team combines
diverse disciplinary lenses. The primary author has a background
in social science, supported by co-authors specializing in design,
systems engineering, and medicine. This interdisciplinary approach
allowed the team to interrogate findings from clinical, technical, and
human-centric perspectives. As part of the research team, which
had no clinical background, significant efforts were made to under-
stand how the Mako robot functions in joint replacement surgeries.
This included reviewing prior literature, analyzing available videos
of the Mako robot in surgery, and conducting a demo session with
the industry partner, during which the research team gained hands-
on experience with the Mako robot in a simulated environment (as
depicted in Fig. 3).

3.5 Data Analysis

Data were analyzed using Socio-Technical Grounded Theory (STGT)
[22], an inductive, data-driven approach designed for contexts in
which social and technical systems are tightly coupled. We applied
STGT’s basic stage with an orientation toward documenting the
mundane practices of Makoplasty surgeries, rather than focusing
solely on exceptional events. Fieldnotes and informal interview
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summaries were open-coded into coherent segments of text (mean-
ing units) that each captured a single idea, action, or observation.
These units were then assigned descriptive codes that captured
actions, interactions, spatial arrangements, challenges, and Mako-
related tasks. Reflexive memos recorded emerging connections and
prompted deeper inquiry.

To analyze our data, we constructed ethnographic vignettes,
drawing inspiration from Pelikan et al. [41] and Cheatle et al. [14]
and broader methodological discussions on vignettes as an ethno-
graphic subgenre [10]. These vignettes were grounded in field obser-
vations and interview notes. Each vignette reconstructed a specific
scene in chronological order, capturing spatial relations, tacit cues,
embodied practices, and temporal rhythms. What makes these vi-
gnettes ethnographic is their close attention to lived detail and con-
text, rather than abstracting observations into thematic summaries.
We used vignettes as both analytic and communicative devices,
a way to surface dynamics of collaboration that might otherwise
remain opaque to those outside the surgical domain. In interpreting
these vignettes, we drew on Hirschauer’s [21] conceptualization of
the manufacture of surgical bodies to frame how robotic integration
reconfigures aspects of surgical practice compared to non-robotic
cases.

Guided by STGT, we compared codes across procedures using
constant comparison to identify similarities, differences, and anom-
alies in how surgical staff interacted with the Mako. Through iter-
ative discussions, we refined categories related to teamwork, tool
use, and spatial coordination. By combining vignettes and STGT,
our analysis preserved the contextual richness of ethnography
while offering a systematic framework for abstraction. While STGT
supports eventual theory generation, we present situated findings
here aimed at advancing the understanding of surgical HRC as a
multi-actor ensemble.

4 Findings

In this section, we present our findings as immersive vignettes
that capture moments where Human-Robot Collaboration (HRC)
unfolds between surgical team members and the Mako robot. We
organize these vignettes chronologically, following the surgical flow
from preparation to closure. First, we focus on pre-operative tasks
that prepare both the patient and the robot. Second, we examine
alternative versions of the cutting phase, contrasting the tactile and
ergonomic differences between cutting in TKA/PKA and reaming
in THA. Finally, we turn to post-operative tasks that occur once
the bone work is complete.

4.1 Pre-operative HRC teamwork in Makoplasty

In addition to traditional pre-operative tasks such as positioning
the patient, verifying equipment, and preparing the sterile field,
Makoplasty introduces additional steps that integrate the robot
into the surgical plan and sterile environment. The Mako must
first be informed of the patient-specific plan (Vignette 1A) so it can
accurately constrain and guide the surgeon’s movements during
cutting (Vignette 2A) or reaming (Vignette 2B). It must then be
dressed to enter the sterile field (Vignette 1B) and precisely regis-
tered to the patient’s anatomy within space (Vignette 1C). Based
on our fieldnote descriptions, we created three vignettes that set
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Figure 8: In Makoplasty, the team within the sterile field (typ-
ically one robot, two surgeons, and one scrub nurse) works
closely together at the intersection of technical, clinical, and
sterile boundaries, while overseen by the Mako Product Spe-
cialist outside of the sterile field (they are not depicted in
this illustration by authors).

the scene and illustrate how HRC is performed in these moments
of preparation. These interactions involve not only the surgeon but
also the Mako Product Specialist (MPS), the robot, and the scrub
nurse, revealing a multi-actor choreography in which technical,
clinical, and sterile boundaries intersect (as seen in Fig. 8).

4.1.1  Vignette 1A: Reviewing the Plan.

The surgeon steps into the theater, not yet scrubbed.
At the console, the MPS waits with the patient’s joint
turning on the screen. In the screen, the patient arrives
as a geometry, disciplined and still, a person translated
into planes, axes, and tolerances. As on the ward, where
bracelets are checked and gowns replace clothes, the
person is readied to be an object of care. They lean in
together. “Any concerns?” “The patient is very mus-
cular,” the MPS says, and that is enough. The phrase
carries what both already know about how the work
will feel. The overlays the surgeon prefers come up. The
MPS traces cut lines, pauses at familiar landmarks, and
lingers at the edges where decisions tend to slow. The
plan shifts by small degrees to maintain the alignment
the surgeon favors. No one spells it out. The shorthand
is practiced and built across many cases.

They hold the view for a moment longer. Craft and re-
sponsibility travel together here. The surgeon remains
the final arbiter; yet, the plan is a shared work. A nod.
“Let’s go with this.” The MPS saves the plan. The sur-
geon turns toward the scrub room. On the monitor, the
patient-object holds steady, mapped and waiting, until
the work flows from model back into flesh.

Planning is a shared craft in which the digital patient stands

in for the person, aligning with Hirschauer’s account of the body
readied as an object of care [21]. Surgeons described this step as a
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Figure 9: Vignette 1A: Surgeon and MPS review the 3D model
of the patient’s bone using the Mako software (illustration
made by authors).

brief “formal check,” which is valuable mainly when the MPS flags
expected deviations, such as high bone density. Several surgeons
noted that they reserve the right to change later, which places this
review as an anticipatory briefing rather than a final lock. MPSs
emphasize that repeated pairings make conversations increasingly
clinical in tone and content, allowing them to discuss approach
rather than mechanics. The main responsibility remains with the
surgeon, yet parameter tweaks and anticipatory positioning by the
MPS make the plan a jointly produced artifact. Trust operates as
an efficient device that enables the ensemble to move seamlessly
from plan to field without losing tempo.

4.1.2  Vignette 1B: Draping and Arm registration.

The surgeon and assistant return with hands held close,
sleeves high, ready to keep the field clean. The triangle
forms around the table; the surgeon and assistant at
opposite sides of the base, and the scrub nurse at the
end, near the patient’s feet, passing steel and suture with
practiced economy. On the patient, the work has begun.
Skin opened. Arrays secured like small flags that will
later be read. The body is present, yet ordered, readied
as an object of care. The scrub nurse steps out of the
triangle with a folded drape lifted like a gown. New
to Mako, eyes flick to the MPS. They move together
toward the robot. The scrub feeds the drape over the
arm, finding the sleeve by feel, not unlike threading an
arm through a T-shirt sleeve. From beneath, the MPS
takes the same fabric, so sterility holds. Four hands, two
sterile and two not, circle the machine. The elbow is
covered. Joints and cables disappear.
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Figure 10: Vignette 1B: Left: MPS and scrub nurse draping. Right: scrub nurse registering Mako arm (illustrations made by
authors).

The robot is dressed. “Hold it up so it can see you,” the
MPS says, and steps to the camera. The scrub guides
the draped arm into position. On the screen, a sequence
appears. Hold. Tilt. Rotate. The scrub follows the in-
structions, points the arm toward the lens, and waits for
the tone. It does not come. A small red mark blinks. The
MPS crosses back, adjusts the camera head by a finger’s
width, returns to the scrub, and checks the image on the
screen. Try again. Hold. Tilt. Rotate. The failure chime
sounds once more. Minutes turn heavy. Back to the cam-
era. Back to the arm. The instructions are clear and
direct, attempting to travel between unsterile and sterile
territories, and still, the cues are misaligned. Across the
room, the surgeon stands with arms folded, eyes fixed
on the robot, their bodies poised at the edge of motion.
The choreography pauses. Rhythm thins to a single step
repeated. Then it lands. A soft click. Red turns green.
The arm is registered. Breath returns to the room. The
scrub nurse slides back into the triangle. The MPS lifts
its eyes to the screen, satisfied. Robot clothed. Camera
aligned. Partner ready. The work can move again.

Draping and registration expose layered boundaries in co-located
HRC: sterile and non-sterile, human and machine, seeing and being
seen. The scrub and MPS choreograph across these boundaries
to preserve sterility while clothing the robot. When registration
fails, the ensemble’s dependencies become visible. The scrub nurse
above reported feeling pressure from the delay and worked to regain
rhythm over the next steps. MPSs noted that early misalignment
can cast a long cognitive shadow, illustrating how a misstep can
reverberate through subsequent steps in the procedure. Such mo-
ments make evident the importance of clear prompts, teach-backs,
and gentle corrections when experience levels with the robotic
system differ within the team. The shift from red to green is both a
technical confirmation and a social resynchronization.

4.1.3  Vignette 1C: Capturing Landmarks.
The MPS swings the camera back toward the table. Ar-
rays stand tall from the field like small flags, ready to
be read. The surgeon glances down, finds the foot pedal
the MPS placed earlier by the left heel, and settles their
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stance. “Ready?” “Yeah.” On the screen, the digital joint
waits, studded with circles, bubbles to be popped. The
surgeon takes the probe. The gaze lifts from bone to
monitor. Point to point, the tip meets bone, and the foot
presses down to lock the choice. A bright chime answers.
Another point, another chime. The mapped body and
the present body begin to coincide. From the console,
the MPS keeps pace, moving the software along on the
surgeon’s behalf. Prompts open and close. Frames ad-
vance. Nothing breaks the sterile line. The surgeon asks
to retake one point. Granted. The bubble returns. Tap,
press, chime. The cloud of landmarks fills in, a pattern
the robot can learn. A few points emerge for double-
checking. Back they go, steady and quick. Tap, press,
chime. Green replaces gray. The model settles over the
patient like a transparent mold. Surgeon and robot now
share the same map. The stage is set for the cuts.

Landmark capture is where co-location becomes fully visible.
The surgeon’s body acts as the sensing instrument while the MPS
advances robotic software from beyond the sterile field. Surgeons
reported rapid mastery of the landmarking sequence and, with
experience, judiciously skipped landmarking prompts that did not
increase confidence, an example of socio-technical tuning for pace
without sacrificing accuracy. In ensemble terms, this step estab-
lishes the shared reference frame that governs all subsequent ac-
tions and rehearses how control, verification, and responsibility
will be allocated. Planning becomes a shared artifact shaped by
tacit shorthand, the sterile field is extended to the robot through
negotiated boundary work, and digital and physical frames are
aligned through embodied calibration. Trust functions as an op-
erational resource that enables compressed communication and
efficient role coordination. As such, we observe that individual fac-
tors play a crucial role, including experience levels with the Mako
and the degree of rapport developed through collaboration. In the
operating theater, overcoming these different levels of experience
with a specific robotic system requires effective communication,
especially when bridging sterile and spatial constraints. Effective
training programs at a hospital level can also support this.
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Figure 11: Vignette 1C: Surgeon capturing landmarks using a probe and looking at the monitor (illustration made by authors).

4.2 Intra-operative HRC teamwork in
Makoplasty

If the pre-operative phase sets the map, the intra-operative phase
puts it in motion. Here, human and robotic actors work in the closest
possible coupling: the surgeon’s hands on the tool, the Mako’s
haptics or locks constraining motion, and the MPS monitoring
bounds, sequence, and alignment. These are the moments when the
choreography of care shifts from preparation to performance, and
where precision, ergonomics, and trust are most tightly interwoven.
In this section, we present two vignettes from the cutting stage: one
from a TKA procedure (Vignette 2A) and one from a THA procedure
(Vignette 2B). While both involve aligning the physical cut with
the digital plan, they differ in terms of tooling, visibility, and bodily
demand. By contrasting them, we show how HRC teamwork adapts
to the physical affordances and constraints of each surgical context,
revealing the flexibility of ensemble coordination across varied
tasks.

4.2.1 Vignette 2A: TKA cutting.

It is a matter of placing everyone where they can see
and be seen. Navigating the many people, machines,
and cables populating the operating theater. The Mako
arm, draped and ready, comes within arm’s reach of
the surgeon. The assistant shifts back to clear the line
between surgeon and robot, a path left open for sight and
signal. The scrub nurse settles to one side. Headphones
are lifted over the surgeon’s cap. A slight bend at the
neck. Ready.

Steel meets mapped bones. Within the haptic bounds,
the blade begins to sing, skimming along the surfaces
positioned in planning, removing what the model and
the body agree must go. Chips rise, fine as dust, and
the tool vibrates with the density they expected. The leg
shivers against the cut. The assistant steps in, steady-
ing the limb so that the tremor subsides. The monitor
holds its picture of the joint, the cursor tracing along
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Figure 12: As the team prepares for the cuts, eyes turn to
the shared display; aligning both human and robotic intent
towards a shared goal (illustration by authors).

the colored planes, while the surgeon works by feel and
sight together. Their glances cross, brief and sufficient.
The MPS keeps the sequence moving, confirms the an-
gles in view, and watches the limits that protect healthy
bone. The surgeon follows the plan through its set of
adjustments, making small changes in the wrist to stay
true when the body pushes back. Trust underwrites each
motion, the kind built from many cases, spoken in few
words and short looks through clear shields. The noise
falls away. The blade lifts. The outline on the screen
matches the outline in the wound. Planned and present
settle into each other. The MPS logs the step. The assis-
tant eases their hold. The surgeon nods once. The arm
rests, satisfied, its job done.
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Figure 13: Vignette 2A: Surgeon physically manipulates the Mako arm to perform the cuts as planned (Fig. 1) on the monitor

(illustration made by authors).

TKA cutting reveals a multi-actor feedback loop. Haptic limits

guard healthy bone, while the surgeon blends tactile and visual cues.

Surgeons explain their strong screen focus as an efficiency gain that
complements their sense of touch. When arrays are occluded by
blood, motion stops by design, and the team orients to the MPS for
rapid diagnosis and reset. When vibration threatens precision, the
assistant’s stabilizing hands close the loop, providing an embodied
safeguard that dyadic models overlook. Trust enables swift, almost
wordless corrections: the monitor renders the surgeon’s actions
transparent, allowing others to see when the rhythm falters and
anticipate the next move.

4.2.2  Vignette 2B: THA reaming.

Elsewhere on the list, in a different theater, the same step
arrives in a different key. The plan must meet the body
again, finding its way through the convoluted operat-
ing theater, but here the robotic arm carries a reamer,
not a blade. “Is the robot ready to rock and roll?” The
MPS nods. “‘Reamer is a bit dull.” A shared glance. They
both know what that will mean at a deeper level. “Un-
lock.” The arm frees. The surgeon guides the tool into the
wound, sets the angle, and then says, “Lock.” The arm
holds its line. On the monitor, the hemispherical outline
waits, a hollow to be made until model and acetabulum
coincide. The reamer blocks the view below the drape, so
sight shifts to the screen. Numbers climb. The numbers
turn from gray to green as the depth approaches the
planned. The hum thickens. The surgeon works with
both hands in awkward grips, one on the yoke and one
near the elbow of the arm, with shoulders tight. The
MPS keeps the sequence alive and watches the bounds.
Progress slows against dense bone. “Could you take over
for a sec?” The assistant steps in, carries the load, presses
through the stall until the surgeon glances up and gives
a small yes. The arm eases back. The reamer comes off.

The impaction cup goes on. Back into the wound. Ham-
mer lifted. Hammer down. Each strike sends a report
across the room. Strike. Check. Strike. Check. “Yeah, I
am happy with this.” The cup sits true. The arm unlocks
and is drawn away. Partner excused. The scene returns
to hands, steel, and the mapped body now taking shape
in bone.

THA reaming shares the same structural goal of plan-to-bone
alignment yet redistributes effort through different tooling and
visibility. A “slightly dull” reamer becomes a forecast of greater
force and prolonged time. Surgeons described fatigue points during
depth work and the need to hand off to assistants. Several noted
that impaction is loud and physically demanding, which shifts more
attention to the display. Here, the MPS maintains sequence and
bounds while the surgeon and assistant exchange control to manage
load. Roles adapt in flight to keep progress and geometry in register.

Figure 14: Vignette 2B: Surgeon uses both hands to perform
the reaming in THA (illustration made by authors).
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Across TKA and THA, intra-operative HRC is a dynamic en-
semble. The robot’s constraints form one part of a control system
that also depends on human sensing, judgment, and physical inter-
vention. Trust, tacit signaling, and quick role adaptation maintain
alignment between plan and anatomy under changing physical and
temporal pressures.

4.3 Post-operative HRC teamwork in
Makoplasty

Once bone work is complete, Makoplasty transitions into a phase
where the robot’s role shifts from active cutting or reaming to
supporting verification, trialing, and final implantation. Here, col-
laboration is less about shared manipulation of the surgical tool
and more about coordinating information, components, and timing
across the ensemble. The surgeon, MPS, and scrub nurse adjust
their roles to ensure that implants are selected, positioned, and
secured in line with both the pre-operative plan and intra-operative
realities. Following this, the team dismantles the robotic setup and
restores the theater to a ready state for the following case.

In this section, we present two vignettes from the post-operative
stage. The first (Vignette 3A) focuses on trialing and implantation,
where decision-making flows shift between human and robotic
actors. The second (Vignette 3B) examines closure, highlighting
the often-invisible infrastructural work required to reset both the
robot and the operating theater for future procedures.

4.3.1 Vignette 3A: Trialing & Implantation.

The robot rolls back to the edge of the scene. The monitor
stays, a bright witness at the shoulder of the table. The
MPS turns to the scrub. Implants are theirs to steward.
“Do you still want the same size?” “Yes, and bring me a
size up as well, please,” the surgeon says, eyes still on the
field. The MPS slips into the hallway, returns with the
implant boxes (sealed packs of components), holds the
labels high for a quick check, and passes them across the
sterile boundary to the scrub. The scrub peels back the
foil seals and opens the sterile trays with a click, laying
out the metal trial parts that will be briefly inserted to
check fit. Steel changes hands. Trial components seat.
The leg is lifted and translated, flexed and extended,
rotated and held. The surgeon watches the screen while
moving the limb, bringing the patient’s body to meet
the digital plan rather than the other way around. Lines
steady. Offsets settle. For the first time, the MPS awaits
additional information from the surgeon on the patient’s
body, rather than the other way around, bounded by
what the camera can see; the surgeon’s hands supply
the missing measure. MPS asks: “how does it feel? Are
you happy with that?”

Trials come out. Finals go in. The MPS calls the next
size, fetches, and transfers. The scrub opens and loads.
The surgeon sits and checks, eyes flicking to the moni-
tor after each step. Surgical actors dancing around the
space, navigating the machines and wires, serving as
the surgeon’s body, all while the robot stands watching
idly.

CHI *26, April 13-17, 2026, Barcelona, Spain

» «

Here, “boxes,” “foil seals,” and “trays” refer to sterile-packaged
implant components that are opened and staged at the sterile bound-
ary, making material handling and handover rhythm central to
keeping the case moving.

Trialing and implantation invert information flow. The surgeon
becomes the MPS’s sensor, providing tactile and spatial feedback
that the camera cannot capture. The MPS manages logistics and
software checks while the scrub coordinates tools and components.
Decision rights return to surgical authority, yet the robot continues
to structure movement, timing, and checks from the periphery.
Teams described this moment as a hinge where the ensemble either
loops back for refinement or commits forward.

4.3.2  Vignette 3B: Closure.

The rhythm softens. Each actor turns to their part. At
the table, the surgeons stitch, hands small and steady,
the talk light again. A weekend plan. A story half told.
Skin meets skin, and the line closes. The scrub nurse
moves through the field with practiced calm. Drapes
come off and go into bins. Sharps into the right tray.
Swabs and towels counted back, voice low and exact.
Count correct. Instruments nested and ready for ster-
ilization. The MPS gathers the scattered traces of the
robot’s role. Foot pedal lifted from the floor. Case saved.
Software closed. Camera hood wiped. Arm joints and
housings are cleaned, and the cables are coiled and set
aside. The screen returns to its home view. The ma-
chine rests. Monitors quiet. The arrays are removed. The
mapped body on the display fades while the patient on
the table becomes a person again. Sheets are drawn up.
The room sheds its urgency. One last look around. The
triangle fully disperses. The MPS checks the cart and
wheels the arm to its mark for the following list. An-
other theater, another team, another body to translate.
The choreography of care resets.

Closure disperses tight coupling into parallel strands of work.
The maintenance and reset that follow are infrastructural supports
for future HRC. Surgeons complete suturing, scrubs restore sterile
order, and the MPS returns the robot to baseline. Teams described
this routine as the quiet backbone of reliability that keeps lists on
time and the following case ready.

Across all phases of Makoplasty, from planning and draping to
cutting, implantation, and closure, HRC emerges as an ensemble
performance shaped by spatial proximity, mutual visibility, and role
interdependence. The vignettes show how collaboration is enacted
through tacit shorthand, boundary work, embodied calibration,
adaptive role shifts, and infrastructural maintenance. These prac-
tices maintain surgical rhythm, facilitate rapid problem-solving,
and ensure alignment between the digital plan and the patient’s
anatomy under changing conditions. In addressing our research
question, we find that HRC in Makoplasty is not a static configu-
ration of surgeon and robot, but a fluid, multi-actor choreography
that adapts to the affordances, constraints, and contingencies of the
operating theater. The following discussion examines how these
findings extend current understandings of co-located surgical HRC
and consider their implications for the design of surgical robots
and the teams that work with them.
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Figure 15: Vignette 3A: Surgeon manipulates the leg to assess how the implant sits within the patient’s joint (illustration made

by authors).

5 Discussion

Our study addresses the question: How is Makoplasty teamwork
enacted as an ensemble form of Human-Robot Collaboration in a
co-located operating theater? We argue that Makoplasty exempli-
fies HRC as an ensemble practice, in which collaboration is not
only co-located but also bodily negotiated and dynamically re-
distributed among actors in the theater. In contrast, much of the
surgical HRC literature draws on teleoperated systems, such as the
da Vinci, where physical separation between the surgeon and team
restructures communication channels (e.g., Catchpole et al. [12, 13],
Pelikan et al. [41], and Cheatle et al. [14]). Our findings highlight
how the proximity between the robot, surgeon, MPS, and scrub
nurse produces a distinct choreography of care. This resonates
with prior HCI work that calls for moving beyond dyadic models
of HRC (Johansen et al. [29] and Jung et al. [30]). Our in-theater
observations provide empirical evidence of how such ensemble
coordination unfolds in real-time. Collaboration is not driven by
rigid task charts but by glances, handovers, and micro-adjustments
within shared space. Across phases, experience with the Mako sys-
tem and rapport built over repeated pairings compress coordination,
stabilize tempo, and shape who ‘leads’ at moments.

5.1 Delegated Responsibility

A central contribution of this study is the documentation of tem-
porally delegated responsibility. In this arrangement, the surgeon
retains ultimate accountability for patient outcomes yet temporarily
cedes control to the Mako Product Specialist (MPS) during techni-
cal or robotic sequences. Rather than displacing surgical authority,
responsibility is redistributed and supplemented by robotic au-
thority, sustaining surgical flow and ensuring desired outcomes.
What we mean by this is that, where appropriate, the surgeon turns
to the MPS to draw on their robotic expertise to clarify moments

where the choreography falters, including: troubleshooting relat-
ing to the hardware of the Mako robotic system (e.g., robotic arm,
camera, arrays, and display) or the software, but also to discuss
technical approaches. This redistribution, where the surgeon shares
“authority” in this sense, illustrates how Makoplasty teamwork op-
erates as an ensemble practice, with responsibility dynamically
shared across human and robotic actors to maintain coordination
and flow. This highlights how, in successful HRC ensembles across
domains, human actors may hold dedicated roles based on their
own experiences and expertise to complement different parts of
the ensemble.

5.1.1 Phase Gating. Delegation is often aligned with the natural
boundaries between surgical phases. At these junctures, responsibil-
ity was temporarily reallocated to facilitate a smooth transition into
the next stage. For example, during draping, the MPS was delegated
responsibility to assist and, when needed, direct the scrub nurse. Al-
though the surgeon was not directly involved, this task ultimately
supported their later work in bone resections. By anchoring re-
sponsibility to clearly defined tasks, teams reduced ambiguity over
roles and made accountability more visible, reinforcing ensemble
coordination.

5.1.2  Spatial Reach and Sterility. Responsibility was also shaped
by physical reach and sterile boundaries. Non-sterile adjustments,
such as repositioning the Mako camera or changing the software
view, were delegated to the MPS, who operates these technologies
outside the sterile field on behalf of the surgeon. Sterile actions, such
as bone registration, remained under the surgeon’s direct control.
We observed scrub staff and the MPS coordinating closely during
draping, with sterile and non-sterile hands moving together around
the robotic arm. In these moments, delegation was determined less
by expertise and more by who could act without breaking sterility
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or disrupting the line of sight, illustrating how spatial constraints
contour ensemble collaboration.

5.1.3 Anticipatory Delegation. Repeated pairings fostered a form
of experience-conditioned anticipation. MPSs familiar with a sur-
geon’s style preloaded overlays, staged instruments, and queued
software steps before explicit requests were made. In one planning
check, a surgeon’s brief nod was sufficient for the MPS to finalize
the plan, a moment that illustrated how responsibility could be
delegated based on rapport and tacit shorthand. These anticipatory
practices compressed coordination time and stabilized tempo but
also relied heavily on trust built over repeated cases, underscoring
the importance of ensemble members becoming familiarized with
each other’s robotic experience levels and workflow preferences.

Taken together, these mechanisms illustrate that delegation is
not an ad hoc adjustment, but a structured, yet dynamic practice
that sustains surgical rhythm.

5.2 Delegation as Ensemble Work

These observations extend HRC research, which calls for moving
beyond dyads [29], by showing that control is not only shared but
also conditionally delegated. What makes delegation effective is
not the fallback to another actor in the event of an error, but the
orchestrated redistribution of responsibility across phase bound-
aries, spatial logic, and accumulated collaborative experience. This
reframing aligns with CSCW notions of articulation work [51, 57]
and theories of distributed cognition [24, 25, 27], which empha-
size how cognition and control are produced through coordinated
activity across people and artifacts rather than located in any sin-
gle operator. These mechanisms extend current understandings of
ensemble HRC by showing that delegation is not simply a safety
fallback, but an orchestrated feature of high-functioning surgical
teams. This reframing echoes the emphasis on articulation work
and distributed cognition in CSCW and HCI, while extending it
into the domain of co-located surgical robotics. In our analysis,
we observe that the Mako influences this distributed cognition in
two critical areas. First, it reconfigures the theater’s spatial logic
into a fragile computational state. Because the system relies on
a rigid registration process, the tracking arrays become critical
cognitive artifacts; displacing them necessitates a complete system
reset. Consequently, the team engages in a collective “spatial hy-
giene,” managing not only their own movements but the sightlines
of others to preserve the robot’s visual link. This monitoring is
often offloaded to the MPS, whose position outside the sterile field
provides the necessary vantage point to protect the system’s state
while the surgeon focuses on the wound and direct manipulation of
the robotic arm. Second, unlike passive imaging systems that merely
display information [37, 39], the Mako acts as a semi-autonomous
partner that physically enforces it. During cutting, the robot restricts
the surgeon’s hand within haptic bounds, effectively offloading the
cognitive burden of boundary control from the human operator
to the machine. This demonstrates a shift in which robotic agency
actively participates in the distributed cognitive loop, correcting
and constraining human action in real time. In doing so, we extend
articulation work [57] and distributed cognition [24, 25, 27] into
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surgical HRC, showing how responsibility becomes a resource ac-
tively configured in practice rather than a static allocation of roles,
and also subject to evolution over time.

5.3 Negotiating roles

Responsibility shifts sit within a broader fabric of role renegoti-
ation that unfolds moment to moment. Because Mako couples a
digital plan to physical execution, the ensemble is kept in constant
alignment with work: sensing, deciding, and acting are distributed
across people and machines, and are reconfigured by what the task,
the room, and the tools demand. Our vignettes make visible how
this distribution is accomplished in practice. During landmark cap-
ture, the surgeon’s body performs sensing while the MPS advances
software states, ensuring precise coordination across sterile and
non-sterile roles. During TKA cutting, the assistant’s stabilizing
hands matter as much as the surgeon’s micro-guidance within hap-
tic bounds, closing a control loop that dyadic models cannot account
for. During THA reaming, load management becomes a negotiated
exchange between surgeon and assistant, while the MPS maintains
sequence and limits. The note that a reamer is “a bit dull” operates
as a forecast of effort, shaping how roles are pre-emptively adjusted.
In troubleshooting, the MPS directs action from outside the sterile
field while the scrub translates those directions into embodied ad-
justments. During trialing, the information flow reverses, and the
surgeon becomes the MPS’s sensor, supplying tactile judgments
that the camera cannot capture.

5.3.1 Experience and Rapport. Two variables significantly influ-
ence the smoothness of these negotiations: experience gradients
and rapport. When surgical staff are less familiar with the Mako,
a greater portion of the coordination burden shifts to explicit in-
struction from the MPS and confirmation talk from the scrub and
assistant, as seen in the registration vignette. When staff have sig-
nificant experience, tacit signaling carries a greater portion of the
load, enabling a faster tempo and tighter synchrony. Rapport, built
across repeated cases, allows small glances and single words to
stand in for longer exchanges, which in turn shortens recovery
after minor breakdowns. In our observations, this often became
visible in subtle anticipations: a scrub nurse already moving toward
the drape before being asked, or an MPS queuing a prompt the sur-
geon had not yet requested. These moments showed how rapport
transforms explicit coordination into tacit alignment.

5.3.2  Repercussions of missteps. Teams also described the cogni-
tive shadow of early missteps: the residual disruption to rhythm
and shared understanding that persisted after a failed registration
or avoidable pause, often dragging into subsequent steps unless
someone deliberately re-synchronized the ensemble. Experienced
MPSs treated these shadows as part of their work, using short re-
caps, micro-briefings, or a deliberately slower cadence to restore
synchrony. We refer to this practice as tempo repair: deliberately
modulating the pace to reset the ensemble’s rhythm and restore
confidence. These observations reinforce HRC literature that treats
the operator as plural [29, 31, 52, 54] and align with ethnomethod-
ological accounts of coordination as sustained by mutual monitor-
ing, local repair, and situated workarounds under time pressure
[24, 45, 58]. As with the delegation mechanisms summarized in
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Table 3: Mechanisms of delegated responsibility observed in Makoplasty teamwork, with definitions, empirical examples, and

design implications.

Delegation mechanism Definition

Observed in vignette(s) Design implication

Phase gating
boundaries underpinned by

surgical expertise and robotic

expertise, anchoring

accountability and reducing

ambiguity
Spatial reach & sterility

sterility or line-of-sight

Experience-conditioned anticipation

surgeon’s preferences;

delegation happens through

shorthand cues rather than
explicit instructions

Responsibility shifts at natural

Responsibility maps to those
who can act without breaking

With repeated pairings, MPSs
pre-stage actions in line with a

Planning (1A), Registration
(1B), Cutting/Reaming
(2A/2B)

Interfaces should signal task
boundaries explicitly,
supporting handovers as
orchestrated events rather than
ad-hoc decisions

Draping/Registration (1B),
Landmark capture (1C)

Systems should provide dual
views: sterile actors need
prompts embedded into tool
handovers, while non-sterile
actors require extended console
views

Planning (1A), Cutting (24A),
Trialing (3A)

Interfaces could embed surgeon
preference profiles and adaptive
guidance modes (expanded
prompts for novices; collapsed
shorthand for mature
ensembles)

Table 3, these negotiations rely on phase, space, and experience to
structure tempo.

5.4 Tempo in HRC

Our findings extend HRC research by foregrounding tempo not
merely as a metric of efficiency, but as a collective achievement.
This resonates with CSCW scholarship on temporal rhythms in
medical work [7, 46], which argues that time in the hospital is
not just a chronological measure but an interactive accomplish-
ment maintained through social coordination. We extend this view
into the robotic theater, showing that tempo is a property of the
ensemble: how quickly roles can be renegotiated, how effectively
breakdowns can be repaired, and how smoothly tacit cues can re-
place explicit talk. While HRC literature often quantifies this as
fluency, the synchronization of action between human and ma-
chine [23]; our ethnographic data reveals the invisible articulation
work required to sustain it. We repeatedly saw surgeons skipping
prompts or assistants steadying limbs before being asked, making
tempo visible as an emergent property of the ensemble rather than
an individual action. In our cases, selective skipping during land-
mark capture and screen-anchored attention during cuts were not
shortcuts but learned calibrations of pace. These behaviors rest
on a shared understanding of what the system would accept and
how the team would recover if it did not. For HCI, this suggests
that supporting ensemble HRC means designing for the rhythms
by which multi-actor teams maintain alignment with digital plans
under pressure, rather than solely optimizing the robot’s speed.

5.5 Design for the ensemble

Designing only for a surgeon-robot dyad risks missing the under-
lying infrastructure that sustains teamwork. Our findings suggest

that systems should be ensemble-ready: able to represent role, state,
and handover, and adapt support to differences in experience and
rapport. Consistent with prior work [12-14, 32, 41], it is evident that
surgical HRC does not merely add a tool compared to non-robotic
cases but reconfigures the labor of the entire room. It asks more of
the team as a cohesive unit. Therefore, it is critical to design for the
periphery as much as the center. Empowering not just surgeons
but the entire surgical team with clearer system feedback allows
them to anticipate the robot’s needs, ultimately reducing friction
for the surgeon.

Role-aware yet synchronized interfaces. Surgeons, MPSs, and
scrub staff each require interfaces tailored to their tasks yet an-
chored in a shared state. For surgeons, this could mean glanceable
indicators of progress and tolerances, along with prompts for arm
alignment and ergonomic grip. For scrub staff, lightweight check-
lists can translate system prompts into sterile actions, such as which
tool to pass next or when a blade or reamer is becoming too dull
for smooth cuts. For MPSs, deeper diagnostics remain critical, in-
cluding live feedback on registration accuracy, array fixation, arm
calibration, and optimal camera positioning, enabling quick inter-
vention if the situation changes. These role-specific views must
remain synchronized to maintain a coherent picture of the proce-
dure. As shown by Mentis et al. [37-39] in the context of co-located
imaging systems, multiple monitors, positioned for both sterile
and non-sterile staff, help externalize the surgeon’s actions and
the system state, establishing common ground across the ensemble.
In line with Clark and Brennan’s theory of grounding [15], such
displays reinforce a shared mental model, enabling anticipation and
coordination with minimal verbal exchange.
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Guidance that adapts to experience. Designing for the ensemble
requires systems that support the varying expertise levels of differ-
ent team members, akin to the instructional practices observed by
Mentis et al. [38]. When actors signal low familiarity, the system
could expand micro-prompts and provide teach-back tips (e.g., Hold,
Tilt, Rotate), while allowing experienced teams to collapse prompts
into compact cues. Recovery playbooks for common breakdowns,
such as array occlusion, should pair sterile-safe steps for scrubs
with non-sterile steps for MPSs. Surgeon preference profiles could
be more embedded in the software display, preloading overlays,
sequences, and instruments to help other staff anticipate next steps.

Beyond screens. Ensemble performance also depends on organi-
zational and spatial arrangements. Stable pairings of surgeon, MPS,
and scrub foster trust, shorthand, and tempo, enabling actors to
anticipate one another’s moves. Yet, as Catchpole et al. warn [12],
this anticipation is fragile. It is constrained by the physical layout
of the theater, including the occlusions of machines, wires, and the
complex circulation of human bodies in a crowded space.

Taken together, these implications shift the design lens from
the surgeon-robot dyad to the surgical ensemble. What matters is
not only the surgeon’s interface but also how MPSs, scrubs, and
assistants are supported in guiding, translating, and anticipating
one another’s actions. In high-stakes environments, collaboration
endures when the system itself helps the ensemble stay in rhythm.
The robot may be constant, but the ensemble is not and nor is
the patient. Surgeons, MPSs, scrubs, and assistants each introduce
variability through their styles of practice, compounded further
by patient differences and hospital contexts. Together, these shift-
ing conditions make Makoplasty teamwork an always-contingent
achievement.

6 Limitations and future directions

This account is situated within a single hospital with a specific
staffing model, case mix, spatial layout, and adoption history. For
example, the teaching hospital we observed at typically has smaller
rooms than other hospitals in the country. The spatial layout and
room size can significantly affect how surgical staff navigate and
operate within such a space. The local ecology shapes the chore-
ography between the Mako and the surgeon, as well as between
MPSs, scrubs, and assistants. Longitudinal access enabled depth
yet narrowed breadth. The next step is to test transferability across
hospitals with different room geometries, visibility constraints, and
staffing patterns, and to compare across platforms to separate robot-
specific patterns from ensemble invariants. Mixed-methods designs
can link ethnographic observation to time-motion data, interaction
logs, and brief post-case probes to quantify the effects of experience
and rapport on tempo, interruptions, and recoveries. Moreover, for-
mative prototyping of ensemble-ready features, such as role-aware
views, adaptive guidance, recovery playbooks, and theater-wide
state panels, would enable the evaluation of whether shared sit-
uation awareness improves, whether interruptions decline, and
whether recovery after minor breakdowns is shortened without
compromising safety. Finally, knee replacement surgery is standard-
ized compared to procedures that rely on flexible decision-making.
It would be valuable to examine these less structured contexts to
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understand how humans and robots adapt to surgical requirements
that demand greater flexibility from the entire system.

7 Conclusion

This paper reframes surgical Human-Robot Collaboration (HRC)
as ensemble work: co-located, bodily negotiated, and dynamically
redistributed among the surgeons, Mako Product Specialist (MPS),
and scrub nurse. Our vignettes show how collaboration persists
through phase gating, spatial reach, and practiced shorthand, with
responsibility delegated based on expertise and positioning in the
operating theater. Experience with Mako and team rapport emerge
as first-order determinants of tempo and recovery: mature ensem-
bles compress coordination and repair slips quickly, while newer
configurations rely on explicit instruction and confirmations to
keep rhythm. The MPS is not peripheral, but a co-lead at the
digital-physical seam, orchestrating registration, sequencing, and
degraded-mode recovery. At the same time, assistants and scrubs
provide stabilizing and translational functions often overlooked in
dyadic accounts. For HRC theory and design, the target is the ensem-
ble. Supporting this finding requires systems that surface role, state,
and handover information, adapt guidance to the experience, and
remain legible across both sterile and non-sterile positions. Organi-
zational choices, such as stable pairing, team-based rehearsal, brief
teach-backs, and room ergonomics, further amplify these capaci-
ties. By prioritizing these socio-technical dynamics, HCI research
can ensure that future surgical robotic systems support the full
complexity of human interdependence. Designing for the ensem-
ble thus makes surgical precision a collective achievement of the
entire team (including the robot and its specialist), embodying the
challenge of “Creating Tomorrow Together” through a truly shared
choreography of care.
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