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Abstract

The robot’s inner speech has recently been under investigation. Inner speech is a form of internalized, self-directed dialogue:
talking to the self. Initial intriguing findings pertained to the robot’s transparency, robustness, and trustworthiness, and emerged
from basic collaborative tasks in Human-Robot Interaction (HRI), such as set up a lunch table. This pilot study extends the
investigation to a high-stakes medical scenario where errors can have significant consequences: to prepare a virtual surgical
table for a vascular intervention. The study involved both expert and non-expert participants who collaborated with the robot to
correctly place and organize surgical instruments. Data were collected through a post-session questionnaire combining closed-
ended Likert-scale items and open-ended questions. Interaction dynamics and learning outcomes were assessed through key
variables, including transparency, trust, reassurance, and perceived learning, allowing for both quantitative and qualitative
analysis. Results from this pilot indicate that the robot’s inner speech enhances participants’ understanding of task instructions,
provides reassurance during collaboration, and improves perceived learning quality, evaluated in terms of the Quality of
Learning (QoL) framework, with effects varying according to prior expertise. These findings highlight the potential of inner
speech to facilitate transparent, trustworthy, and effective training in risk-sensitive domains, offering a foundation for further
exploration of robotic tutoring systems in healthcare.

Keywords Human-robot interaction (HRI) - Robot’s inner speech - Robotic tutoring - Healthcare training - Medical robotics -
Robot transparency - Robot trust - Quality of learning (QoL)

1 Introduction enhancing communication, collaboration, and task-sharing

between humans and robots, HRI research contributes to

Intelligent service robots are increasingly entering health-
care, not only as technical assistants but also as collaborative
partners. Their integration raises critical issues for Human-
Robot Interaction (HRI) research, particularly concern-
ing communication, trust, and learning processes between
humans and machines.

In medical environments, the dynamics between humans
and robots are crucial, involving the overall safety and
satisfaction of healthcare professionals and patients. By
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the development of systems that can work seamlessly in
high-stakes medical settings. This is particularly relevant as
Robotics and Atrtificial Intelligence have emerged as indis-
pensable assets in medical research.

Robots deployed in surgical settings offer surgeons invalu-
able assistance in performing operations, including complex
procedures requiring high precision, thereby enhancing both
effectiveness and efficiency [1]. Furthermore, robots have
taken on roles akin to those of nurses, both within and out-
side the operating room. Within the surgical suite, robots
function as surrogate nurses, aiding in procedures and mon-
itoring patients’ vital signs such as body temperature and
oxygen saturation [2]. Outside the confines of the operating
room, robot nurses attend to patients in the ward, dispens-
ing medication at scheduled intervals and monitoring their
overall health [3].

Despite the widespread success of integrating robots into
medical teams, particularly amidst the ongoing pandemic,
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Fig.1 Typical operating room setup, including the positioning of med-
ical staff

there remains an unexplored avenue in the application of
robotics technology: using robots as trainers for operating
room nurses. Operating room nurses play a decisive role in
ensuring the success of medical interventions, on par with
surgeons. These specialized professionals are tasked with
meticulously preparing the surgical table, including the “ser-
vant tables" and the “mother tables", where surgical tools
are laid out. The servant table, placed close to the surgeon,
holds the essential and most frequently used tools for the pro-
cedure. The mother table, positioned slightly further away,
contains additional or backup instruments, including those
less commonly used or equipped with cables, such as the
electrosurgical unit.

Figure 1 illustrates a standard operating room layout [4],
including the positioning of medical staff. The layout of the
tools in the tables is specific for each surgery. The operating
room nurses must know these specific tools required for each
procedure, oversee their correct placement on the tables, and
ensure their sterility, availability, and swift accessibility dur-
ing surgery. Additionally, operating room nurses must stay
abreast of evolving technical and scientific advancements in
surgical interventions, which continually evolve and improve
over time.

Ensuring continuous training and knowledge reinforce-
ment for these professionals is crucial; however, little
research has explored how robots could contribute in this
domain. Although the use of robots as tutors or learners
to support educational processes has been investigated in
other contexts, its application to the operating room sce-
nario remains largely unexplored [5]. A promising avenue
lies in the use of robot inner speech, the robot’s capacity
for self-dialogue [6], that improves collaborations in terms
of trust, robustness and transparency [7]. However, these
findings emerged from simple, low-stakes human-robot col-
laborative tasks, such as setting a lunch table, where errors
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had no real consequences. Whether these advantages can be
transferred to more demanding and risk-sensitive scenarios,
such as surgical preparation, remains an open question.

This study introduces a new practical and interactional
framework for robotic nursing, designed to facilitate the
training and knowledge reinforcement of operating room
nurses through virtual human-robot collaborative prepara-
tion of the surgical table. In this framework, the robot is
expected to train and refresh the knowledge of operating
room nurses by simulating realistic surgical preparation sce-
narios and guiding them step by step in the correct selection,
positioning, and organization of instruments.

The framework enables the robot to operate both with
and without inner speech capabilities, thereby allowing
an assessment of how this feature influences collaboration
and learning outcomes. Through inner speech, the robot
verbalizes its reasoning processes and provides reminders
about procedural protocols, thereby reinforcing both techni-
cal skills and task awareness. The general research question
addressed in this paper is: to what extent can a robotic frame-
work equipped with inner speech support collaboration and
training in high-risk medical scenarios, specifically in the
preparation of a surgical table with the operating room nurse?
This overarching research question is articulated into the fol-
lowing specific sub-questions (RQs):

e RQI. How could a robotic framework be designed and
implemented to effectively support operating room nurse
training?

e RQ2.a. Does the use of robot inner speech enhance per-
ceived transparency, trust, and reassurance in nurse—robot
collaboration during surgical table preparation?

e RQ2.b. Does robot inner speech improve the quality of
learning outcomes during training or knowledge refresh-
ing?

These questions are intended to investigate both the poten-
tial design principles and the operational mechanisms of the
proposed robotic framework, with a focus on its interaction
with healthcare professionals, its technical and cognitive fea-
tures, and its impact on collaboration and learning. More
specifically, the paper has two main objectives: (i) to present
the design and the functioning of the robotic framework for
operating room nurse training and skill reinforcement, and
(ii) to report a pilot evaluation of the potential effects of
the robot’s inner speech on collaboration and learning out-
comes during surgical table preparation. For such purposes, a
preliminary evaluation was conducted with two distinct par-
ticipant profiles: a domain expert (a vascular surgeon) and a
non-expert. Both participants engaged in interactive training
sessions with a robot under two conditions, with and without
inner speech, followed by evaluative questionnaires on inter-
action quality and learning outcomes. As a pilot evaluation,
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the study does not aim to provide statistically robust con-
clusions but rather to explore preliminary insights into the
potential role of robot’s inner speech in high-stakes health-
care training contexts, with the aim of gathering preliminary
evidence to guide future research.

The overarching goal is more ambitious. The nurse can
both test and learn about the functions and positions of med-
ical supplies, providing an opportunity to explore how the
robot’s ability to engage in self-dialogue impacts the col-
laboration and the quality of learning. In the Background
subsection, the theoretical and technical background relevant
to the study is detailed.

The rest of the paper is organized as follows: Sect. 2
provides an overview of the state of the art in cognitive
architectures for HRI, as well as a review of how robots
are employed in education and medicine. Section 3 details
the methods, including the overall framework (covering
the physical infrastructure used in the experiment and the
functioning of the inner speech cognitive architecture), the
participants involved, the trial design, and the procedures for
data collection and analysis. Preliminary results are presented
in Sect. 4, followed by a discussion of the study in Sect. 5.
Finally, conclusions and future work are outlined in Sect. 6.

In order to demonstrate the practical applicability of the
proposed framework, a demo is available online.'

1.1 Background

The exploration of how robots can contribute to updating
and testing the knowledge of specialized professionals in
surgical table preparation is supported by several considera-
tions. Within this context, examining the role of robot’s inner
speech, its capacity for self-dialogue, becomes particularly
relevant [6]. In the psychological literature [8], the terms
inner speech, self-talk, and self-dialogue are often used to
describe the same phenomenon: an internalized, self-directed
form of verbal reasoning or reflection. In this work, these
terms are used interchangeably. Previous studies have shown
that inner speech can enhance transparency (i.e., the robot
reveals the motivations underlying its behavior), robustness
(i.e., the task is completed successfully more often), and trust
in human-robot interaction [7, 9]. Recent research indicates
that inner speech can sensitize human caregivers to patients’
needs [10]. By analogy, in surgical contexts, robot inner
speech could increase nurses’ task awareness and attention
during surgical table preparation.

Moreover, social robots can act as tutors or peer learners,
sometimes achieving effects comparable to human tutors in
specific tasks due to their embodied presence [11]. System-
atic reviews highlight the growing role of robots in education
but note the lack of studies on their use in training healthcare
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professionals in high-stakes environments [12, 13], under-
scoring the novelty of this investigation.

The scenario under investigation also offers an opportu-
nity to explore how robot’s inner speech can facilitate faster
attainment of learning objectives and improve the quality
of learning (QoL). QoL is evaluated following UNESCO’s
framework, which emphasizes that learning extends beyond
factual knowledge acquisition and arises from the interplay
of three key dimensions:

e Learner characteristics: prior expertise, cognitive abili-
ties, and motivation, which shape how new information
is assimilated.

e Enabling inputs: the availability of tools, learning envi-
ronment, and in this case, the presence or absence of inner
speech as a cognitive feature of the robot.

e Learning outcomes: the tangible skills and competencies
acquired at the end of training, determining the learner’s
ability to perform tasks autonomously and reliably.

The contribution of this paper is the description of a robotic
framework, as it encompasses both the design of the robotic
system and its application to nurse training. Within this
framework, the inner speech cognitive model constitutes a
specific component, representing the mechanism through
which the robot verbalizes its internal reasoning. In this way,
the framework provides the broader structure for collabora-
tion and training, while the model identifies one of its key
cognitive features.

Applying this framework to human-robot collaboration
allows for a nuanced evaluation of training effectiveness.
In particular, it highlights how robot design features (such
as inner speech) serve as enabling inputs that influence not
only immediate performance but also the depth, retention,
and transferability of acquired skills. The core variables for
understanding nurse-robot interaction in this study are aimed
at measuring: reassurance (the extent to which the robot’s
behavior reduces the participant’s stress), trustworthiness
(the human’s willingness to rely on the robot’s actions and
judgments during collaboration), transparency (the extent
to which the robot’s decision-making processes and the
motivations underlying its behavior can be traced and under-
stood), learning assessment (the evaluation of the knowledge
acquired regarding the specific surgery), and reinforcement
of learning (the extent to which the robot’s inner speech con-
solidates the acquired knowledge).

This multidimensional approach moves beyond efficiency
metrics alone and provides a structured method to assess
whether robotic training systems can genuinely enhance pro-
fessional competence in high-stakes medical contexts, such
as operating room nurse training.
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2 Related works
2.1 Cognitive architectures in HRI

Cognitive architectures such as ACT-R [14], SOAR [15, 16],
and ICARUS [17] provide a foundational framework for HRI
systems, supporting robot perception, reasoning, and action
in complex environments. These architectures integrate mod-
ules that simulate distinct cognitive functions, which are
orchestrated to enable higher-level cognitions.

In recent years, they have increasingly been employed to
support metacognitive capabilities, including inner speech
[6], allowing robots to verbalize their thought processes and
to simulate a roughly self-conscious behavior [18]. When
humans and robots collaborate to achieve a common goal,
inner speech positively influences interaction dynamics [7].
The robot exhibits transparency by explaining the reasoning
behind its actions, demonstrates robustness by generating
alternative strategies in case of impasses, and fosters trust-
worthiness by revealing its underlying motivations. Although
the evaluation of the effects of robot inner speech is not novel,
in that investigation it was demonstrated that when humans
and robots collaborate to achieve a common goal, the robot’s
inner speech positively influences the interaction dynam-
ics. Through inner speech, the robot exhibits transparency
by explaining the decision-making processes underlying its
actions, displays robustness by devising alternative strategies
in impasse stale mate situations, and fosters trustworthiness
by revealing the motivations behind its behavior. These find-
ings were established in the context of a simple task, such as
setting up a lunch table according to informal etiquette norms.
Delegating decision-making to the robot poses minimal risk,
and participants find it easy to trust the robot’s judgment.
Furthermore, participants experienced minimal stress in this
scenario as their actions were not directly impacted by poten-
tial errors in object placement on the table, a factor that
influenced the study outcomes [19]. Whether these benefits
extend to high-stakes, risk-sensitive contexts, such as surgi-
cal preparation, remains an open question.

A recent study on robot’s inner speech [10] showed that
when a caregiver interacts with a robot equipped with this
capability in the context of dementia care, they become more
attuned to the patients’ needs. The findings suggest that inner
speech can sensitize caregivers, enhancing their attentiveness
in providing care. By extension, a similar mechanism could
apply to specialized professionals in surgical settings, where
inner speech may help nurses remain more aware of the task
at hand and pay closer attention when preparing the surgical
table.

Similarly, it was demonstrated [20] that by integrating an
ACT-R model in the robot, it can adopt various persuasive
techniques and ethical stances during interactions. CASPER
[21] leverages qualitative spatial reasoning to anticipate other

@ Springer

agents’ goals and compute optimal collaborative behavior,
demonstrating the effectiveness of symbolic cognitive archi-
tectures in HRI scenarios.

More recently, the integration with Large Language Mod-
els (LLMs) has opened new avenues. Modular architectures
based on LLMs have been developed for HRI tutoring sce-
narios [22], with a combination of social reasoning and
tutoring, demonstrating initial evidence of the system’s abil-
ity to manage complex interactions and to store and retrieve
context-specific information.

These approaches demonstrated the potential of cogni-
tive architectures in enhancing the social and communicative
capabilities of robots, making them more effective in educa-
tional and collaborative settings. Previous study in domestic
contexts [23] has shown how robots can share and distribute
tasks with humans, for instance in cleaning activities, by clar-
ifying “who does what, when, and where.” This framework
highlights the importance of task division in HRI, a perspec-
tive that our study extends to the medical domain, where
training and learning play a central role.

2.2 Robots in education

The use of robots in education and tutoring has been exten-
sively investigated, and a substantial body of literature has
already consolidated this research domain. Social and educa-
tional robots have been employed to support learning across
a variety of contexts, ranging from early childhood educa-
tion to specialized training environments. Several systematic
reviews provide comprehensive overviews of the state of the
art, highlighting the pedagogical potential of robots, their
abilities in fostering engagement, in acting as tutors, peers,
or learning companions.

For example, a recent investigation has shown that social
robots can act as tutors or peer learners, supporting both cog-
nitive and affective gains in learners, sometimes with effects
comparable to human tutors in restricted tasks [11]. Another
interesting review [12] highlights the need to address the
legal, social, and moral impact that social robots can have
on children, teachers, other stakeholders. The study on how
inner speech influences interaction and quality of learning is
an attempt in such a direction.

From another recent systematic review [13] emerges that
while robots are increasingly explored as educational tools,
their application in the training of healthcare professionals
is not yet discussed, especially in high-stakes environments
such as operating rooms. This gap underscores the novelty
and relevance of investigating robots not only as assistants
but also as training partners for specialized medical staff.

However, while the general role of robots as educational
partners is well established, there is a lack of research on the
impact of integrating cognitive architectures that enable inner
speech within educational or tutoring scenarios. To date, no
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studies have systematically examined how this metacognitive
feature might influence interaction quality, learner engage-
ment, or knowledge acquisition.

Addressing this gap is crucial, as inner speech may
enhance the transparency, trust, and pedagogical effective-
ness of robots when deployed as tutors in high-stakes
domains such as healthcare.

2.3 Robots in medicine

Despite the successful integration of robots into medical
teams [24-26], and their increasing prominence during the
COVID-19 pandemic [27], employing robotic systems as
training tools for operating room nurses remains largely
unexplored. This represents a novel and promising avenue
for research. Robots have become integral to surgical set-
tings, assisting surgeons in performing complex procedures
that demand high precision and thereby improving both effi-
ciency and effectiveness [1]. In recent decades, Robotics and
Artificial Intelligence have profoundly transformed the field
of surgery, introducing sophisticated tools that enhance the
precision and efficiency of complex procedures. The first
surgical robot, PUMA 560 [24], was employed in 1985 to
perform a brain biopsy, mitigating the tremor associated with
a surgeon’s hands and thereby improving the accuracy of the
procedure [28]. This was followed by the development of
PROBOT in 1988 [25], designed for transurethral prostate
surgery, and ROBODOC in 1992, which prepared the femur
for hip replacement surgery with greater precision and speed
compared to human surgeons [29, 30].

Laparoscopic surgery experienced a significant advance-
ment with the introduction of the Zeus and Da Vinci systems
in the late 1990s. These systems allowed surgeons to per-
form minimal invasive procedures with enhanced control
and precision. Zeus featured three robotic arms controlled
remotely by the surgeon. At the same time, the Da Vinci
system included a patient-side cart, a surgeon’s console, and
a vision cart, facilitating intricate surgical manoeuvres [31,
32]. The Da Vinci system has undergone several iterations
and is now used in various surgical specialities, including
urology, gynaecology, and general surgery, highlighting its
versatility and effectiveness [33]. In addition to the Da Vinci
system, newer robotic platforms like the Senhance Surgical
System offer haptic feedback and eye-tracking camera con-
trol, which aim to improve the surgeon’s tactile sensation and
visual control during operations [34].

Another notable development is the introduction of the
Versius Surgical Robotic System which provides modu-
lar and portable robotic arms, making the system more
adaptable to various surgical environments and potentially
reducing costs [35]. In orthopaedics, the Mako robotic-arm
assisted surgery system has been instrumental in enhancing
the precision of joint replacement surgeries, leading to better

alignment and outcomes [36]. This system allows surgeons
to plan and execute surgeries accurately, reducing recovery
times and improving patient satisfaction [37]. Moreover, hos-
pitals increasingly employ robotic systems for patient care
outside the operating room. For instance, the TUG robot auto-
mates the delivery of medications, meals, and supplies within
hospital corridors, enhancing efficiency and reducing the
workload on nursing staff [38]. In rehabilitation, the Lokomat
provides robotic-assisted gait training for patients recover-
ing from strokes or spinal cord injuries, facilitating more
consistent and intensive therapy sessions [39]. The incorpo-
ration of robotics into telemedicine has also seen significant
progress, with systems like InTouch Health’s telepresence
robots allowing remote specialists to interact with patients
and staff, thereby expanding access to expert care [40].

Robotic systems have also made significant inroads into
nursing assistance within the operating room. Penelope,
developed in 2004, was one of the first robotic surgical assis-
tants, capable of passing instruments to the surgeon based on
voice commands. However, limitations in voice recognition
due to operating room noise were noted [41]. GestoNurse,
introduced in 2011, improved on this concept by utilizing
advanced vision systems and pattern recognition to respond
to manual signals from the surgeon [42].

Despite the significant progress in medical robotics, the
role of the robotic scrub nurse, responsible for the prepa-
ration and management of surgical instruments, remains
underexplored. The scrub nurse ensures the sterility of the
surgical field and the availability of necessary instruments,
necessitating continuous updates on technical and scientific
advancements [43]. The introduction of robots that can fully
or partially automate these tasks could further enhance the
efficiency and safety of surgical procedures, representing an
exciting area for future research and development.

3 Methods

The robot collaborates with the operating room nurse to
prepare the surgical table for surgery, a task deemed stress-
ful due to its potential impact on surgical outcomes. The
nurse responsible for table preparation must be knowledge-
able about the instruments required for the specific surgery
and their correct positioning on the table to ensure their avail-
ability and swift retrieval by surgeons during the procedure.

The interaction takes the form of a lesson aimed at training
or refreshing the nurse’s knowledge. Each participant under-
goes the lesson twice, in two distinct sessions (Session 1 and
Session 2), with each session focusing on a different type of
surgery. Following these sessions, participants assess their
acquired skills in a Test Session.

The study suggests that when the robot uses self-dialogue,
nurses gain greater awareness of what they’ve learned. It also
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predicts that trust in the robot, its transparency, and stress
levels will decrease when participants observe the robot’s
thought process.

To support the generalizability of the study, the inclusion
of participants with different levels of expertise enables to
observe the framework’s usability and effectiveness across
diverse learner profiles. While the pilot nature of this study
imposes constraints on statistical generalization, the design
of the experimental scenario, the structured procedures, and
the mixed-methods data collection (combining quantitative
ratings and qualitative feedback) provide insights that can
inform future studies and suggest potential applicability to
other surgical tasks, healthcare professionals, and robotic
platforms.

3.1 Scenario: preparing for the virtual vascular
intervention

The study focused on preparing a virtual surgical table for
a vascular intervention. This scenario offers a controlled yet
realistic environment in which participants collaborate with
the robot to accurately place and organize the surgical instru-
ments essential for the procedure. The definition of domain
knowledge for this scenario was a pivotal step, accomplished
through interviews with specialized vascular surgeons and
consultation of surgical manuals and bibliographies, ensur-
ing that the virtual table reflected the precise requirements
and workflow of a real vascular operation.

This approach aligns in part with a prior work [44],
which employed the Story Dialogue Method (SDM) to
explore health professionals’ views on social robots in care
settings involving vulnerable users. Similar to our study,
their work relied on qualitative methods to understand pro-
fessional perspectives, highlighting themes such as ethical
concerns, responsibility, and usability. Both studies aim to
ground robotic interactions in real-world requirements and
user needs. The proposed study attempts to extend this line
of inquiry into a high-stakes medical context. Unlike the
SDM study, which focused on care environments, our sce-
nario involves precise surgical procedures where errors can
have significant consequences.

The domain knowledge in our study was defined through
consultations with expert surgeons, ensuring that the virtual
surgical table accurately represents the procedural workflow,
whereas the cited work elicited general professional opinions
through narrative scenarios. This distinction underscores the
novelty of applying cognitive features like inner speech to
enhance professional training in risk-sensitive surgical tasks.

The acquired knowledge covers each surgical procedure
in detail, including the type of surgery, the instruments used,
their arrangement on the surgical table, and the specific stages
at which they are employed. For example, in vascular inter-
ventions which address disorders of the arteries, veins, and
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lymphatic circulation, commonly used instruments include
scissors, suture threads, and other specialized tools.

Moreover, vascular surgery encompasses a variety of pro-
cedures, such as abdominal, laparoscopic, otolaryngological,
and cataract surgeries, each requiring a distinct set of instru-
ments and precise placement on the surgical table.

This detailed domain knowledge was integrated into the
framework (see Sect. 3.2), enabling participants to interact
with a realistic simulation of the operating room. The virtual
environment allows the robot and the participant to collabora-
tively place instruments in their correct positions, providing
a safe and controlled setting to assess how the robot’s inner
speech influences learning and task performance during com-
plex surgical preparations.

Typically, one guideline for organizing the surgical table
involves positioning instruments according to the phase of
the procedure in which they are utilized. Instruments used
earlier in the surgery should be placed closer to the operating
bed. Additionally, it is recommended to arrange instruments
such as forceps, scissors, and spatulas in the front row, fol-
lowed by preparatory items like wires, needles, and suction
equipment, and finally, gauze. It is crucial to ensure that all
instruments, particularly sharp objects like blades and nee-
dles, are clearly visible above the drapes covering the surgical
table and are not obscured by other tools, such as gauze, to
prevent accidental injury.

Anyway, the placement of the instruments is generally
done in two rows on the table.

3.2 Materials and procedures

The robot utilized in the proposed study is the Pepper robot by
Aldebaran.> Equipped with an integrated tablet, the Pepper
robot serves as the primary interface for the study. However,
the proposed framework is adaptable for use with any robot
capable of interfacing with it as described below.

The virtual surgical table

The virtual surgical table utilized for preparation is simu-
lated through an external tablet application, distinct from
the robot’s built-in tablet. This deliberate choice allows
participants to perceive the act of preparing the table as col-
laborating with an external entity, rather than a direct function
of the robot. The table thus serves as an external tool through
which participants collaborate with the robot to achieve a
common goal.

The interface of the tablet app is depicted in Fig. 2.
It was built by using the cloud-based platform by MIT
(Massachusetts Institute of Technology)® designed to create

2 https://www.softbankrobotics.com/emea/en/pepper.

3 https://appinventor.mit.edu/.
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Prepariamo un tavolo servitore per un intervento vascolare

Fig. 2 The tablet interface where the participants drag and drop tools
for preparing for the surgery

mobile applications for Android and iOS. The app mimics
the surface of the surgical table, represented by the typical
green operating tablecloth, upon which both the participant
and the robot will arrange instruments.

The tablet interface is divided into two regions: a bottom
region and an upper region, each serving distinct purposes in
the scenario. At the bottom region, all instruments to place
are displayed, and participants can drag and drop them onto
the upper portion to configure the final layout of the table.
Each tool must be positioned on one of the red points in the
upper section. The lower row of red points corresponds to the
portion of the servant table closer to the surgeon, indicating
that instruments used earlier in the surgery should be placed
here.

On the right side of the interface, a selection box allows
participants to query the robot about the utilities and positions
of medical supplies. Participants can choose to either ask
the robot a question about a specific tool or request it to
take action, such as placing a tool in its final location. In
the former case, participants receive vocal explanations from
the robot describing the characteristics of the tool, while in
the latter case, the robot physically moves the required tool
to its designated location, providing participants with visual
confirmation of the correct placement.

During the learning testing phase, the robot’s built-in
tablet is used to visually display the tool that participants
must correctly drag and drop to its designated location in the
external tablet. This functionality takes advantage of a spe-
cific feature of the Pepper robot, namely its built-in tablet.
If a different robot without a tablet is used, the robot instead
provides verbal prompts, asking participants which tool to
place, and participants respond accordingly in the external
tablet.

The whole physical infrastructure

The whole framework is shown in Fig. 3. A local server
manages the communication between the robot and the exter-

)

Request to App Robot service

Local server

Fig. 3 The physical infrastructure of the robotic nursing framework.
A local server enables the robot-tablet communication allowing to the
robot to perceive the participant’s actions on the tablet, and to respond
opportunely

nal tablet. In particular, when the participant takes an action
on the tablet, the app sends a request by the Request to
Robot interface to the server that interprets such a request
and invokes the specific service of the robot’s software by
the Robot service interface.

The service can be associated with either generating a sen-
tence or executing an action that the robot needs to perform
on the external tablet. If the request pertains to sentence gen-
eration, the required services will differ based on the robot’s
functionality. If the robot incorporates inner dialogue, it will
engage the processes underlying the cognitive architecture
of inner speech as previously described, resulting in the pro-
duction of emergent sentences. However, if the robot does
not engage in self-dialogue, the service will directly utilize
the robot’s knowledge to retrieve the specific sentence, which
the robot will overtly produce.

On the other hand, when the request involves an action
for the robot to perform, the corresponding robot service will
send a request to the server through the Request to App
interface. This request will specify the particular parameters
governing the movement of a tool on the app surface. Sub-
sequently, the server will initiate the corresponding events in
the app via the App service interface aligned with this
movement.

Table 1 outlines the potential requests initiated by both
the participant and the robot, along with the corresponding
services invoked.

The knowledge model

The domain knowledge required for surgical table prepara-
tion was gathered from two complementary sources. First,
semi-structured interviews were conducted with a special-
ized vascular surgeon and collaborators from a poliambu-
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Table 1 Requests and services enabling interaction between the participant and the robot via the external tablet

Tablet action(by participant) ~ Request to Robot(by app)

Robot Service (by robot)

Request to App(by robot)  App service

Produce reflective inner
sentence

Touch down a tool

Produce feedback inner
sentence

Touch up a tool

Ask a question Answer to question

Inner speech routines - -
(encode tool)

Inner speech routines - -
(encode tool)

Inner speech routines - -

(encode question)

Ask the robot to take an Execute action Inner speech routines Place tool Change tool’s location
action (encode action) on the app interface

Movement’s
parameters retrieval

latory.* The interviews were documented through detailed = E:;;u Object property hierarchy:

. . B ip
written notes, which were subsequently coded to extract ® Fiber_Optic_Cable
v @ Forceps

recurring procedural steps, tool-placement conventions, and
safety requirements.

Second, this information was cross-validated and comple-
mented by reviewing published medical manuals [45, 46],
and official surgical guidelines available online.> The com-
bined dataset was analyzed through a triangulation process,
ensuring both consistency across sources and completeness
of the extracted knowledge.

The collected scenario information were then formalized
in an OWL (Web Ontology Language) ontology.® Ontologies
are designed to provide a standardized and formal speci-
fication of domain knowledge, ensuring that concepts and
relations are represented in a consistent and unambiguous
way. An ontology is a “specification of a conceptualiza-
tion” [47], and it supports the sharing and reuse of formally
represented knowledge among Al systems, useful to define
a common vocabulary in which shared knowledge is rep-
resented. The decision to design an ontology was driven
by the framework’s aim to leverage the benefits of this
standardization, promoting interoperability between differ-
ent information systems and frameworks (like other training
platforms, medical databases, or simulation tools), facili-
tating the sharing of formal representations, and aiding in
knowledge acquisition. This transition from conventional
computer science, focused on automated information pro-
cessing, to epistemic processing, centered on automatic
knowledge processing, underscores the framework’s com-
mitment to advancing knowledge-driven functionalities.

Figure 4 displays a segment of the knowledge base
accessible to the robot. Based on available resources, the
arrangement of the surgical table lacks a universal standard
and is contingent upon the specific surgical procedures, that

4 https://www.poliambulatoriosanmichele.it/.

> https://www.bostonscientific.com/en-US/medical-specialties/
vascular-surgery/products.html.

6 https://www.w3.org/TR/tag=data.
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Fig. 4 An excerpt of the ontology modeling the domain under inves-
tigation related to some vascular interventions. A small subset of the
classes and some object properties are represented

is the vascular one in the presented study, and the customary
practices that are those typically followed by operating room
staff during surgical table preparation for a vascular proce-
dure: placing tools in their precise and standardized locations
on the surgical tables, and arranging them for immediate
accessibility during the operation.

The inner speech architecture for nurse-robot collaboration

The inner speech is a well-known and well-studied topic in
human psychology [48, 49], and interesting claims related to
its effects on human-cognitive functions were demonstrated
over the last years [50]. The importance of automatizing
inner speech was analyzed [51] and first results confirm its
importance in human-robot interaction [9]. The robot’s inner
speech model is outlined in Fig. 5 and it is the same one
proposed by some of the authors at [6]. The model is now
modified for the compromising scenario under investigation.
The model is integrated in the robot functioning when the
robot must to talk to itself.

Specifically, the model works as follow: the Perception
module detects the actions the participant takes by the exter-
nal tablet, while the Motor/Action module implements the
robot’s actions related to the detected participant’s action.


https://www.poliambulatoriosanmichele.it/
https://www.bostonscientific.com/en-US/medical-specialties/vascular-surgery/products.html
https://www.bostonscientific.com/en-US/medical-specialties/vascular-surgery/products.html
https://www.w3.org/TR/?tag=data
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) 2. Recall Facts
Perception receive (object scissor, phase ?phase,
(receive a request, attend attend recall ~ position ?r, ?n)
answer from app) < PS > 1. Encode action 6. Recall Facts
rehearse (move, scissor) (middle, suture)
Rehearsal loop Declarative Perception
i ! > recall
(inner speech) Working Memory (receive a request) PS >
Memory (knowledge) rehearsg

retrieve
<

Motor/Action
(talk, place a tool)

Fig.5 The inner speech model underlying the robot’s functioning when
it talks to itself

The Phonological Store (PS) encodes the participant’s action,
which could be the choice of a question, an action on a tool
(among touch up, drag and drop, and touch down), and a
request to the robot to move a tool. To encode the action
means to associate a symbolic linguistic representation to it,
that is when the participant does something in the app inter-
face, the encoded action will be a set of words representing
such an event. For example, if the participant touches down
a surgical scissor, the encoded action by the PS will be the
sequence of words (move, suture_scissor).

The Rehearsal loop starts once the action is encoded. The
Working Memory recalls from the Declarative Memory the
set of facts related to the encoded action, and once these facts
are retrieved, a sentence for inner speech is composed. For
example, for the aforementioned encoded action (move,
suture_scissor), the Working Memory recalls from
the knowledge model the concepts which are connected
with the words in the encoded action. In the example, the
concept suture_scissor is linked by the properties
p:is_used_in,p:is_used_forandp:lies_onto
the concepts representing the phase (middle), the func-
tion (cut_sutures) and the place on the servant table
(second, four) (the second row and the fourth point in
the interface) of the touched tool. The resulting inner thought
corresponding to these emergent concepts will represent a
sort of reflection by the robot on the touched tool, and the
inner sentence will look like “The suture scissor is employed
in the middle phase of the surgery and is used to cut the
sutures. Its position is in the second row on the fourth point.".

The Motor/Action module produces that sentence which
is rehearsed by the PS, and the cycle restarts, that is the PS
encodes it by chunking the relevant words and the Work-
ing Memory recalls further correlated facts related to the
rehearsed ones and finally composes a new sentence. In this
example, the concept (cut_suture) is linked to the con-
cept suture, and a new thought will be “To cut a suture
means that the patient has stitches", which in turn recalls
the concept stitches and composes another inner sen-
tence “The stitches is used for sewing wounds". The loop
is repeated until no further facts from the Declarative Mem-

Declarative
Memory
(knowledge)

5. Rehearse (encode inner
speech)
suture, second, f

Working

(middle, Memory retrieve

Motor/Action
(talk, place a tool)

3. Retrieved Facts
(object scissor, phase middle, function cut
suture, position second, four)

4. Produce
“The suture scissor is employed in the middle
phase of the surgery and is used to cut the
sutures. Its position is in the second row on the

fourth point.”

8. Produce

** To cut a suture means the patient

has stitches "

7. Retrieved Facts
(patient, has stitches)

Fig.6 The phases of the inner speech loop and the involved components
of the architecture

ory emerge. Figure 6 represents the described steps on the
inner speech architecture, highlighting the functions of each
module.

An exhaustive explanation of how the facts are retrieved
and the sentences are composed, is presented at [18].

The model was expanded and integrated for investigat-
ing the new medical domain, and the inner speech is then
calibrated for the field under investigation.

3.3 Participants

At this preliminary stage, the experiments aim to validate the
functionality of the framework, and earlier intriguing obser-
vations and findings have already surfaced. Given the pilot
nature of the study, the primary objective was not to achieve
statistical representativeness, but rather to gather qualitative
insights and formative feedback on both the framework’s
operation and its potential impact on training.

For this reason, recruitment was deliberately kept limited
and targeted. A vascular surgeon was invited as the domain
expert, while a non-expert participant with no prior medical
background was involved to represent a contrasting learner
profile. Both were recruited through direct personal con-
tact, which ensured not only their availability but also the
possibility of maintaining communication for follow-up or
clarification if needed.

This approach was particularly valuable at such an early
stage, where iterative feedback and ease of access to partici-
pants were essential to refine the experimental setup and for
future larger-scale evaluations. Table 2 summarizes the char-
acteristics of the participants recruited for this stage of the
study.

Moreover, the rationale of the recruitment follows the indi-
cations of UNESCQ’s framework for education [52], which
identifies variables influencing the quality of learning. These

@ Springer



5 Page100of17

Intelligent Service Robotics (2026) 19:5

Table 2 Overview of participant recruitment in the pilot study

Recruitment strategy Direct personal contact with participants
to ensure availability and facilitate
follow-up if needed

N=2

— 1 domain expert (vascular surgeon)

Participants (N)

— 1 non-expert (no prior medical
background)

Rationale Limited sample size consistent with pilot
studies, and following UNESCO’s
framework for QoL to evaluate the

pilot’s effectiveness

variables include learner characteristics, encompassing the
learner’s initial aptitude and prior knowledge, enabling input,
which refers to the learning instruments utilized to impart
knowledge and facilitate learning, and acquired skills, repre-
senting the learner’s final level of knowledge attained at the
conclusion of the learning process.

To comprehensively examine these variables and the over-
all impact of the proposed framework on QoL, participants
were recruited based on the following criteria:

— Learner characteristics: The experimental session
included a specialized surgeon in vascular intervention
and an individual lacking expertise in the field. The stark
contrast in prior knowledge levels and participant apti-
tudes allows for evaluating the effects of utilizing the
proposed framework across varying learner characteris-
tics.

— Enabling inputs: Each participant, with their unique
learner characteristics, utilized the proposed physical
infrastructure under two different conditions: with and
without the inclusion of the robot’s inner speech. Specif-
ically, each participant participated in two separate lesson
sessions, one incorporating the robot’s inner speech and
the other omitting this feature.

— Skill assessment: At the conclusion of the trial, each par-
ticipant assessed their level of knowledge, enabling the
evaluation of the final effects of the robot’s inner speech
on learning quality.

3.4 The trial

The interaction session took place in the Robotics Lab of the
University of Palermo. Upon arrival, each participant was
welcomed by one of the researchers involved in the study.
They were first shown how to use the interface on the exter-
nal tablet and were then introduced to the robot. During the
interactive session, at least one researcher remained present
at all times to ensure safety and maintain proper supervision.
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A single trial consists of two sessions (Session I and Ses-
sion 2) of an interactive lesson. At the end of the trial, a Test
Session starts. The lesson begins with a presentation by the
robot, which shows to the participant the app interface and
the possible actions to take (query selection or drag and drop
a tool). In this context, the robot specifies that the lower side
of the servant table will be positioned near to the operating
bed.

Then, the robot introduces the overarching topic of the
lesson, which typically focuses on a specific surgical pro-
cedure, such as vascular surgery. The robot outlines the
various stages typically involved in the surgery, including
initial, middle, and final phases, and provides information
on the morphology and function of the surgical instruments
involved, categorized by type (e.g., forceps, surgical scissors,
etc.). For each type of tool, the robot emphasizes the phase
of the surgery during which it is typically utilized, aiming to
reinforce the identification of their correct locations on the
surgical table (with tools used earlier positioned closer to the
surgeon).

At the end of the robot’s presentation, Session 1 of the
lesson starts, followed by Session 2, and finally, by the Test
Session. During each session, participants have the option to
request information from the robot regarding the instruments
or ask the robot to place an instrument on the virtual table to
visualize its correct location. Table 3 summarizes the possible
actions participants can take during the lesson, along with
the corresponding type of robot response, which may vary
between sessions.

At the conclusion of each session, the interface resets to
its initial configuration. Each lesson focuses on a different
subject, with the robot randomly selecting one of the vascular
interventions.

During the Test Session, the robot displays a tool on its
tablet, and participants have a limited time to identify the
tool and place it on the surgical table. The robot provides
feedback, which may be positive or negative, based on the
accuracy of the participant’s selection. The primary objective
of this session is not to evaluate the participant’s acquired
skills but rather to foster awareness of their knowledge level.

Each session is further detailed below.

Session 1

During this session, the robot talks to itself. There are two
different kinds of inner dialogue, that are:

1. Reflective: the reflective inner dialogue is activated when
the participant touches down a specific instrument for
dragging it. This inner dialogue simulates the thought
process people undergo when recognizing an object that
triggers memories or associations in their minds. In this
context, the robot utilizes its knowledge to recall rele-
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Table 3 The executable actions by the participant and by the robot. Each row indicates the action taken by the participant and the corresponding
reaction by the robot to that action. The robot’s reaction differs in the two sessions of the lesson

Action by

the participant
Session 1
with inner speech

Reaction by the robot

Session 2
without inner speech

Touch down a tool Drag and drop a tool
Touch up a tool
Ask the robot an information

Ask the robot to move a tool

Retrieve and produce the answer

Reflective inner speech production Place the tool

Reflective inner speech production -

Feedback inner speech production -

Retrieve and produce the answer

Place the tool

vant facts related to the tool. These facts are articulated
in linguistic form and represent the robot’s thoughts.
Each thought leads to another, initiating an inner dia-
logue within the robot. As aresult, the robot verbalizes its
thoughts regarding the tool, its location, and the phase of
the surgical intervention during which the tool is typically
utilized. The purpose of this inner dialogue is to enhance
transparency in the interaction, allowing the learner to
engage with the information about the surgical instru-
ment through the robot’s reflections and thereby reinforce
their knowledge.

2. Feedback: the feedback inner dialogue aims to give feed-
back to the participant according to his/her action. The
feedback will be positive when the participant correctly
locates the tool on the servant table, otherwise, it will be
negative. It is intended to provide reinforcement about
the executed action, providing motivation when the feed-
back is positive, or encouragement when the feedback is
negative, for lowering the level of stress and improving
learning.

The way Session 1 evolves, depends on the participant’s
choices. The session ends when the participant decides to stop
it because he/she retains to know the needed information.

Session 2

Session 2 starts when Session 1 ends. The app is reset to
its initial configuration. The surgery will regard a different
intervention than those faced in the first session. The robot
and the participant collaborate again for preparing the servant
table for this new intervention. This choice allows consider-
ing a new domain for which the participant had not acquired
knowledge in the previous session.

This time the robot does not talk to itself. It just answers
the participant’s questions or places a tool if the participant
requires this. During the preparation of the table, the partici-
pant does not hear the thoughts of the robot, as already shown
in Table 3.

Fig.7 Photos from the test session with the surgeon. The Pepper robot
shows a surgical tool, which the surgeon then drags and drops onto the
tablet interface in front of him to place it on the virtual surgical table

Test session

At the conclusion of the two previously described ses-
sions, a test session is conducted to gauge the participant’s
awareness of their acquired knowledge. The app interface is
reset to its initial state, and the test entails displaying a tool on
the robot’s tablet. Subsequently, the robot specifies one of the
interventions covered in the preceding sessions. The partici-
pant is then given a brief period to identify the displayed tool
and place it on the surgical table in the expected position for
the corresponding surgery, achieved through dragging and
dropping.

The robot provides feedback, indicating whether the par-
ticipant’s placement of the tool is correct or incorrect. The
test continues until all tools have been placed, or until the
participant decides to conclude it.

It is crucial to note that the robot does not evaluate the
participant’s acquired skills during this session. Instead, the
primary objective is to foster the participant’s awareness of
their acquired knowledge. Figure 7 shows the test session
with the surgeon.

3.5 Data collection methods
The pilot experimental session was designed to collect pre-

liminary evidence on the effects of the robot’s inner speech
on both interaction quality and learning outcomes. Data
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collection relied on a post-test-session questionnaire aimed
at capturing participants’ impressions and self-assessment
of their acquired skills. The questionnaire combined open-
ended and closed-ended questions:

e The open-ended items explored the degree of reassurance
provided by the robot during collaboration in a high-
stakes task, as well as participants’ perceptions of the
role played by inner speech in shaping both the interac-
tion and the learning process.

e The closed-ended items required participants to rate a
series of statements on a 6-point Likert scale (0 = no
evidence; 5 = strong evidence). These ratings enabled
the inference of key variables, detailed in Sect. 3.6,
concerning transparency, trust, reassurance, and learning
effectiveness.

3.6 Data analysis methods

A question in the administered questionnaire enables the
evaluation of only one of key variables mentioned above,
and for each variable, there is a set of questions enabling its
evaluation.

The variables assessed in the study are as follows:

— Reassurance: This variable measures the extent to which
participants feel comforted and supported by the robot
during the task of preparing the servant table. Questions
related to this variable prompt participants to reflect on
their level of stress and responsibility while placing the
instruments, assessing how effectively the robot reassures
them.

— Trust: This variable gauges the level of trust partici-
pants have in the robot’s decision-making abilities. Given
the potentially risky nature of the task, participants may
exhibit varying degrees of trust in the robot’s capabilities,
especially in comparison to less risky tasks.

— Transparency: Transparency refers to how clearly par-
ticipants can discern the underlying decision-making
processes of the robot. Unlike previous research, where
transparency was evaluated as a binary value, in this
study, participants rate the robot’s transparency on a
scale, indicating the perceived level of transparency.

— Learning assessment: Participants evaluate their acquired
skills in the specific surgery after interacting with the
robot. They compare their learning experiences when
the robot engages in inner speech versus when it does
not, assessing whether the robot’s inner speech facili-
tates a simpler and clearer learning path and improves
skill acquisition.

— Reinforcement of learning: This variable assesses how
the robot’s inner speech reinforces skill acquisition and
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makes the learning path more robust. Participants reflect
on whether the inner speech serves as an additional source
of confirmation for the information learned.

Table 4 illustrates the relationship between the questions
and the variables assessed in the study.

The open-ended responses and associated variables from
the questionnaire are analyzed qualitatively to capture the
participants’ subjective experiences and perceptions. Responses
are examined using semantic content analysis, focusing on
indicators such as valence of responses (whether participants
express positive, neutral, or negative impressions of the inter-
action), emotional components (e.g., feelings of sadness,
fear, or excitement), and cognitive engagement, including
indications of attention, understanding, or reflective think-
ing.

Closed-ended variables are initially summarized quanti-
tatively, and the final value for each variable is calculated as
the approximate upward arithmetic mean of the scores pro-
vided by the participant for the questions pertaining to that
variable.

4 Results

The direct interaction with the professional surgeon spe-
cializing in vascular interventions proved to be significantly
valuable, as he provided crucial insights into the framework’s
structure and knowledge model. His initial evaluation of the
framework, focusing on its affordance, usability, and utility
for the investigated use case, yielded positive feedback. The
framework appears user-friendly for medical end-users with
varying levels of expertise, requiring no prior technical skills.
Analysis of open-ended questions revealed a sense of
excitement among participants when interacting with the
robot. Interestingly, differences emerged based on partici-
pants’ prior experiences with humanoid robots: those without
prior experience initially felt some distrust, which dissi-
pated quickly during the interaction, while experienced
participants approached the session with more curiosity and
excitement. The discovery of the robot’s inner speech capa-
bility was gradual for both groups, adding intrigue and
surprise to the interaction, validating previous findings [9].
Perceived differences between interactions with and with-
out inner speech varied based on participants’ prior knowl-
edge, as indicated by closed-ended questions. The obtained
results are reported in Table 5 and they affirm the hypotheses
underlying the study, indicating that reassurance, reliability,
and training quality improve when the interaction involves
the thinking robot. Novice participants found inner speech
to be a vital source of information, significantly enhancing
learning. However, experienced participants showed mini-
mal differences in learning assessment and reinforcement of
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Table 4 The correspondences
between the observed variables
and the groups of questions
from which these variables were
evaluated

Comparing the first and second sessions... You have to prepare the
servant table for an imminent surgery! The patient needs one of the
surgeries you learn. Let’s answer to the following questions by scoring
the evidence of each claim.

Reassurance

Trust

Transparency

Learning Assessment

Reinforcement Learning

Q1. Did you trust more the robot during the first session than in the
second one? Q2. Was the task more pleasurable during the first
session than in the second one? Q3. Do you feel safer facing the
surgery in the first session than in the second one?

Q1. Did you trust the robot more during the first session than in the
second one? Q2. Did you take more into account the information
provided by the robot in the first session than the second one? Q3.
Did you consider the information provided by the robot more
reliable during the first session than in the second one?

Q1. Do you better understand what the robot does during the first
session than in the second one? Q2. Do you think to better trace the
process of the robot in the first session than the second one? Q3.
Were you able to better hear the robot’s thoughts during the first
session than in the second one?

Q1. Do you feel an advantage in learning during the first session of the
lesson? Q2. Was the learning simpler in the first session than in the
second one? Q3. Was the training clearer in the first session than in
the second one? Q4. Do you think your learning of the first session is
better than those of the second one?

Q1. Did you need to require more information from the robot during
the second session than the first one? Q2. Do you think the robot’s
thoughts facilitate the information acquisition? Q3. Do you feel the
learning provided during the first session is more robust? Q4. Do you
feel more prepared after the first session than after the second one?

Table5 The Likert value for each variable is computed as the arithmetic mean of the Likert values selected by each participant for the corresponding

group of questions

Learner characteristics Domain Expert

No domain Expert

Enabling Input

Platform  with
inner speech

Reassurance 4 2
Trust 4 3
Transparency 5 3
Learning Assessnent 4 3
Reinforcement of Learning 4 3

Platform with-
out inner speech

Enabling Input

Platform  with Platform with-
inner speech out inner speech
4 2

[

3
3
2
2

learning between the two modes of robot functioning, likely
due to their robust prior knowledge.

Interestingly, expert participants were attuned to subtle
variations in voice pitch between the two interaction modes,
perhaps indicating a heightened sensitivity to nuances in
communication. However, their focus on these nuances did
not detract from the overall positive reception of the robot’s
instructional role. Both participant recognized the robot’s
capacity to serve as an effective teaching tool for novices,
offering valuable insights and guidance throughout the learn-
ing process. Their experiences underscored the notion that
transparency, facilitated by a robot equipped with inner
speech, can serve as a catalyst for skill enhancement and

knowledge acquisition. Moreover, participants remarked on
the potential for robotic trainers to catalyze novel forms of
interaction between humans and machines, paving the way
for more collaborative and effective learning environments
in various domains.

In addition to the positive evaluations, participants also
reported some practical challenges related to the tablet inter-
face, which required a brief adaptation time, particularly for
non-experts unfamiliar with medical software. Moreover, the
presence of a researcher during the interaction was consid-
ered reassuring to ensure smooth operation.

These aspects are not limitations of the framework itself,
but rather points for refinement in future iterations. By
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acknowledging them, the study gains valuable insight into
usability improvements that can enhance future large-scale
applications.

5 Discussion

The preliminary findings of this pilot study align with prior
evidence from low-stakes collaborative tasks, such as table-
setting scenarios, where inner speech enhanced transparency,
robustness, and trust in human-robot interaction. In our case,
participants reported that the robot’s inner speech increased
their awareness of the surgical preparation task and provided
reassurance throughout the interaction. This is in line with
results from caregiving contexts, where inner speech was
shown to make the caregiver aware and sensitivity to patients’
needs [10].

At the same time, the study extends the existing state of
art on robot’s inner speech by testing it in a high-stakes,
risk-sensitive medical scenario. While several reviews have
extensively documented the use of robots as tutors, peer
learners, or educational partners, particularly in classroom-
based settings, to our knowledge no research has investigated
the integration of a cognitive architecture supporting inner
speech into the training of healthcare professionals. Our pre-
liminary results suggest that such an approach may enrich
collaboration dynamics and enhance learning outcomes,
echoing the multidimensional perspective on the quality of
learning proposed by UNESCO’s framework.

Furthermore, our findings on the role of inner speech in
fostering transparency resonate with broader reflections on
human autonomy in the age of autonomous technologies.
Recent conceptual work [53] argues that human autonomy
should be understood not merely as control, but as the over-
all space of action and the range of available choices. In this
light, systems that make their reasoning processes explicit,
such as through inner speech, can contribute to strengthen-
ing rather than constraining human autonomy. By providing
insights into its decision-making, the system could effec-
tively enlarge the participant’s perceived space for action,
supporting informed collaboration. This perspective aligns
with the view that autonomous technologies, when designed
as datanomous, operating within the limits of their own data
and making those boundaries transparent, can foster trust and
reinforce human oversight, rather than diminishing it.

From a methodological perspective, the inclusion of both
an expert (vascular surgeon) and a non-expert participant
proved valuable, as it allowed testing the framework across
distinct learner profiles. This dual perspective provided
complementary insights into the usability and pedagogical
relevance of the robot. Furthermore, the mixed-methods data
collection strategy (Likert-scale ratings combined with open-
ended responses) enabled to capture not only quantitative
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impressions but also qualitative dimensions of the inter-
action, such as affective responses, perceived reassurance,
and attentional engagement. This methodological choice
enriched the interpretation of results, despite the small sam-
ple size.

An additional consideration arising from our study con-
cerns the ethical and societal implications of deploying
robots in high-stakes care and training environments. As
highlighted in recent literature, care robots raise complex
regulatory, moral, and practical challenges, including the
potential for over-reliance on machines, privacy concerns,
and accountability in case of errors [54, 55]. Our findings
suggest that features such as inner speech, which enhance
transparency and support human supervision, may help mit-
igate some ethical risks by clarifying the robot’s intentions
and decisions to users. Indeed, congruence between robot
verbalizations and actions has been shown to significantly
impact humans’ intuitive understanding of robot intentions,
fostering trust and ethical interaction patterns [56]. Incorpo-
rating such design considerations into training platforms for
healthcare professionals can not only improve learning out-
comes but also ensure that ethical and societal dimensions
are actively addressed in the human-robot collaboration.

Moreover, the continuous presence of a researcher was
perceived as reassuring. This feedback provides constructive
insights for refinement, highlighting areas where usability
can be further optimized in future iterations. In particular, the
role of researcher presence could itself become a parameter of
observation in subsequent studies, helping to assess the extent
to which human supervision influences trust, reassurance,
and ease of use. Acknowledging these points strengthens the
study by ensuring that future large-scale applications will
build upon both the positive outcomes and the lessons learned
from this pilot stage.

The primary limitation of this work is indeed the limited
number of participants, which prevents drawing statistically
generalizable conclusions. However, this constraint is con-
sistent with the exploratory nature of pilot studies, where the
priority is to validate the experimental framework and gather
initial feedback. Additional limitations include the restricted
scope of the surgical task (a single vascular intervention sce-
nario) and the reliance on one robotic platform (Pepper),
which may limit the generalizability of findings to other con-
texts or robot morphologies.

Despite these limitations, this study contributes to the lit-
erature by opening a novel line of inquiry into how cognitive
features, such as inner speech, can support professional train-
ing in medicine. Future work should expand the participant
pool, diversify the medical procedures considered, and com-
pare different robotic platforms and interaction modalities.
Longitudinal studies will also be needed to assess whether
the observed benefits of inner speech persist over time and
translate into improved surgical practice. light the poten-
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tial of inner speech as a mechanism for enhancing both
human-robot interaction and learning outcomes in health-
care training, laying a foundation for more comprehensive
future investigations.

In conclusion, although preliminary, the results highreness
of the task and reassured them during the interaction, echoing
similar effects observed in caregiving contexts [10] where
inner speech heightened attentiveness to patients’ needs.

6 Conclusion

The collaboration between the robot and the operating the-
ater nurse revolves around setting up the surgical table. The
proposed framework serves to train and refresh the nurse’s
knowledge, which must remain up-to-date and aligned with
standard medical procedures for surgeries.

This pilot study explored the role of robot inner speech
in supporting operating room staff during the preparation
of a surgical table for a vascular intervention. The proposed
framework was designed not only to train and refresh nurses’
procedural knowledge, but also to investigate how cognitive
features such as inner dialogue may shape collaboration and
learning in high-stakes medical contexts.

Three main contributions emerge:

1. Both expert and non-expert participants evaluated the
framework positively, highlighting the potential of a
robotic tutor in improving task execution and profes-
sional training.

2. Robot’s inner speech fostered transparency and reassur-
ance in the interaction, increasing user trust, and early
hightlights the improvements in the Quality of Learning
(QoL) parameters, according to UNESCO’s dimensions.

3. While non-experts emphasized a preference for robots
as teaching assistants rather than autonomous surgical
agents, experts acknowledged the value of cognitive fea-
tures like inner speech, while underlining the continued
necessity of human supervision.

As a pilot investigation, the study is necessarily limited by
the small sample size and the controlled scope of the experi-
mental scenario. Nonetheless, it provides initial evidence that
inner speech can be a promising mechanism to enhance both
human-robot interaction and learning outcomes in medical
training. This approach is novel compared to existing frame-
works, models, and platforms in HRI, which have largely
focused on educational or low-stakes collaborative tasks.
The proposed framework, although evaluated in the con-
text of vascular surgery, has the potential to be generalized
across multiple surgical specialties. The ontology-based
modeling of surgical knowledge enables adaptability to
different interventions by incorporating specialty-specific

procedures and toolsets. Extending the framework to a new
domain would simply require integrating the ontology with
the relevant domain-specific knowledge, after which the
framework could operate in the same way. Beyond surgery,
the framework could be extended to other high-risk collabo-
rative domains (such as emergency medicine, intensive care
units, or even industrial settings) where training, procedural
preparation, and team coordination are critical. In these con-
texts, the framework’s emphasis on cognitive features like
inner speech, transparency, and guided collaboration could
support both learning outcomes and safe, efficient task exe-
cution.

Overall, this pilot investigation provides initial evidence
that inner speech can be a promising mechanism to enhance
both human-robot interaction and professional training out-
comes in medical contexts. It lays the foundation for more
comprehensive future studies that can rigorously evaluate
effectiveness, generalizability, and ethical implications, ulti-
mately contributing to the development of safe, transparent,
and effective robotic assistants in high-stakes environments.

Building on the insights from this pilot study, future works
will extend the study to larger and more diverse partici-
pant groups, broaden the range of surgical tasks considered,
and refine the dialogue capabilities of the robot to further
support collaboration and training in operating room con-
texts. Moreover, they will explore the integration of advanced
perception and control techniques, such as computer vision-
assisted machine learning controllers, to enhance the robot’s
ability to track spatial objects in dynamic environments (e.g.,
Stewart platform applications [57, 58]).

Finally, future work will explore the application of the
framework in dynamic, high-pressure medical environments,
such as real-time surgery, emergency response scenarios, and
multitasking contexts. This will allow the evaluation of addi-
tional metrics, including accuracy, task completion time, and
error rates, while maintaining safety and supervision stan-
dards.

By progressively expanding the complexity of the scenar-
ios, the framework can be further validated and adapted for
broader use in real-world clinical settings. This contribution
thus represents an important starting point for future research
and studies in both medical practice and the development
of Al-driven human-robot collaboration, providing a foun-
dation for advancing safe, effective, and intelligent training
tools in high-stakes environments.
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