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ABSTRACT Existing work has provided a glimpse into the potential impact

Social robots have demonstrated their potential to undertake as-
pects of a therapist’s role, while showing a positive effect on user
engagement. To deliver impact in the real world, these robots must
have the capability to effect long-term decision making through
continued personalization to 1) the patient’s progressive exercise
performance ability, and 2) their social behavior preferences. We
undertook a series of collaborative workshops with domain experts
to inform a rich knowledge representation for long-term upper
limb recovery. We introduce a planned Hierarchical Reinforcement
Learning (HRL) approach to exploit the natural hierarchical struc-
ture found in our problem, and promote more sample efficient
learning, a common challenge in current RL-based HRI personaliza-
tion. Our end goal is to deploy this system in-situ, over long-term
engagement with recovering patients.

CCS CONCEPTS

« Computing methodologies — Machine learning approaches; «
Computer systems organization — Robotic autonomy.
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1 INTRODUCTION

A well-structured progressive exercise program plays a central role
in the recovery of patients after critical injury. Equally essential
is the maintenance of high engagement levels, as it significantly
influences overall program adherence [20]. However, achieving
these objectives is often challenging due to resource shortages in
struggling healthcare systems and low patient motivation. Recently,
Social Robots (SRs) have emerged as a promising area of impact
to guide aspects of physical exercise in homes, hospitals, and com-
munity centers [15]. Coupled with intelligent learning techniques,
their embodiment gives rise to new capabilities that allow them
to assume richer societal roles with the ability to personalize to
aspects of the user, revealing an increased effect on engagement
over the likes of virtual agents [7, 26]. Furthermore, robotic reha-
bilitation technology is generally used as a means to enhance the
repetitive practice aspect of exercise routines, with higher-level
decisions regarding the structure and direction of the program fully
driven by the human therapist [14]. Although some level of hu-
man intervention is beneficial and, in certain instances necessary,
greater autonomous decision-making could improve the efficiency
of personalized rehabilitation program delivery.

of personalized SRs in the rehabilitation space, yet largely focuses
on short-term interactions with limited decision-making capabili-
ties with regard to program structure and direction. However, the
relationship between a human patient and a therapist is often long-
lasting and involves rich social exchange and learning over time
that builds trust from an understanding of the patient’s therapeutic
needs and social preferences [7]. For robots to adopt such roles
effectively, the ability to sustain long-term interaction is essential,
and evaluation of these systems in-situ is imperative to advancing
the field [2].

We introduce our design of a social robot that aims to personalize
aspects of long-term upper limb rehabilitation after critical injury.
Specifically, we look to enable the instruction of exercises based
on the patient’s exercise performance ability and the actioning of
preferred social behaviors learned from periodic user feedback. To
inform our design, we conducted several workshops with domain
experts centered on the structure of the long-term program and
the interactive components during a single session. We present the
translation of the findings from this design exploration phase to a
knowledge representation that can enable long-term decision mak-
ing for our SR, driven by a Hierarchical Reinforcement Learning
(HRL) mechanism. We then outline future steps, including feasi-
bility testing through an initial pilot phase followed by simulation
to evaluate the HRL approach. Our final goal is to evaluate our
system over a long-term period of engagement with patients at a
community rehabilitation center.

2 RELATED WORK

There has been considerable focus on the recent utilization of SRs
within the area of physical rehabilitation. Popular applications
involve the use of SRs as exercise companions during recovery
sessions, providing motivational utterances during upper limb ex-
ercise (7, 8, 10, 23].

Beyond short-term interactions, SRs have also been evaluated
over multiple sessions and more longitudinal timeframes. Irfan et
al. present a robot for use during cardiac rehabilitation program
with 26 participants over 2.5 years [11]. Aspects of personalization
included progress tracking between sessions, attendance track-
ing, and automatic recognition of patients. The personalizable SR
showed improved cardiovascular function over the long term and
robot conditions revealed improved patient adherence. Pulido et al.
describe a long-term study over 4 months with 8 pediatric patients,
15 sessions each, using a SAR for upper limb rehabilitation [18].
The system used expert-described poses sent to engineers using
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Figure 1: An overview of upper limb exercise progression, as
informed through our workshop activities.

Planning Domain Definition Language (PDDL) for automated plan-
ning. While reporting increased subjective engagement and a slight
rise in Range of Motion (ROM), the need for continuous human
monitoring and potential challenges in adapting to unpredictable
user behavior pose as potential limitations to achieving full auton-
omy. Winkle et al. undertook a 27-session study on the application
of an Interactive Machine Learning (IML) approach to enhance au-
tonomous SAR behavior during a couch-to-5k exercise session [27].
Challenges were noted in the timing of action selection, likely at-
tributed to the choice of the learning algorithm—a basic adaptation
of K-nearest neighbors.

These studies demonstrate the promising potential of SR person-
alization over long-term/multiple session rehabilitation, however,
primarily concentrate on the adaption of lower-level social compo-
nents rather than directing high-level program structure over the
long-term. In wider HRI research, the area of long-term or ’lifelong’
learning is an open challenge, yet machine learning techniques
such as Reinforcement Learning (RL) can help achieve behavior
personalization in complex HRI tasks [1]. For instance, Tapus et al.
aims to utilize RL to match robot behavior such as proxemics, speed,
and vocal content to user personality types during multiple evalua-
tion studies involving post-stroke rehabilitation [24]. They revealed
the RL approach was effective in almost all cases, although limited
interaction experience likely hindered convergence to optimal ro-
bot behavior. RL, by nature, can prove challenging when training
experience relies on real-world data [28]. In some instances, where
human behavior can be simulated prior to real-world deployment,
starting policies can be learned to boost learning convergence. Tsi-
akas et al. demonstrate this concept when attempting to adapt task
difficulty during a cognitive therapy task based on performance and
user engagement [25], where they generate simulated user behavior
to evaluate an RL approach for robot personalization, based on an
existing dataset.

3 DESIGN INSIGHTS FROM DOMAIN EXPERTS

To initiate the design phase, we first conducted an investigation
of human-human physiotherapy practices to inform a rich knowl-
edge representation for our system. To do this, we held a series
of design workshops with expert physiotherapists from academia,
the health technology industry, and the Scottish National Health
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Service (NHS). Workshops were divided into two key areas of explo-
ration, long-term program structure and single session interaction. To
ensure robust insight, we specified that all participants: 1) be a fully
qualified physiotherapist; 2) have a minimum of 2 years of experi-
ence; 3) currently work with upper limb rehabilitation patients or
have done so within the past 3 years. The workshops received full
ethical approval from the University and all participants gave their
consent to participate and be subjected to video recording (only
relevant to Section 3.1). We used the Constant Comparative Method
(CCM) of thematic analysis [9] to reach our findings discussed in
the subsequent sections, allowing us to draw out emergent themes
from the data.

3.1 Long-Term Program Structure

We conducted four separate workshops with six physiotherapists (1
practicing NHS physiotherapist/academic, 1 practicing NHS phys-
iotherapist, 3 practicing NHS physiotherapists, and 1 fully trained
physiotherapist working in rehabilitative robotics, respectively).
Participants had an average of 5.3 years’ experience in patient prac-
tice. Our objective was to fully understand the progressive stages
involved in an upper-limb rehabilitation program, and to struc-
ture this information such that it could translate effectively to our
system design for long-term interaction.

3.1.1  Procedure. We first held semi-structured interviews with
participants. To help stimulate discussions, we prompted partici-
pants with three patient personas, each recovering from shoulder
fractures at weeks 1-3, 3-6, and 6+ respectively, as aligned with
existing NHS materials for self-managed recovery [16]. The talking
points for each persona were 1) types of exercise at this stage, 2)
details of exercise such as the number of repetitions, 3) measure-
ments used to assess patient progress or ability, and 4) any other
information relevant to the particular stage. We then used a Vicon
motion capture system to record the participants performing three
repetitions of each discussed exercise correctly. This allowed us
to formulate a dataset of exercise recordings for use later during
development to the robot’s perception component (future work).

3.1.2  Findings. The early weeks of recovery (typically weeks 0-3)
were deemed unlikely to be suitable for such a robotic intervention
as the patients are performing gentle mobilization exercises to
relieve stiffness. At weeks 3-5, patients begin to engage in repetitive
range of motion (ROM) exercises such as flexion, abduction, internal
and external rotations. Active assistive (the patient’s affected limb
is assisted) movement is started and gradually phased into active
(no assistance) movements. Beyond week 6, ROM exercises are
continued with the introduction of low-resistance strengthening
exercises, gradually increasing to weight-bearing movement. We
used this information to build a knowledge representation of the
long-term recovery scenario for our system as shown in Figure 1.
Participants stressed that the recovery timeline is highly flexible
from patient-to-patient, but the general progression remains the
same. Pain management is also of importance, using assessments
such as the Visual Analogue Scale [21], and frequent assessment of
ROM and strength to understand progress. Generalization of our
system to other causes of upper limb injury were also of interest,
such to maximize potential impact. Participants communicated that
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the proposed robot system will likely be able to use this program
structure in other variations of shoulder fracture, stroke, frozen
shoulder, and postoperative recovery.

3.2 Single Session Interaction

A workshop was carried out involving a group of seven physiother-
apists who work in the NHS. Among them, two were also academics.
The average experience of the participants was 14 years. Six par-
ticipants took part in the long-term program structure workshop
(Section 3.1). The aim of this session was to understand physiother-
apist behaviors inside a single rehabilitation session, with a focus
on any social actions or short-term considerations and how these
may manifest during a one-to-one session.

3.2.1 Procedure. Ross et al. previously conducted systematic ob-
servations of upper limb exercise sessions and generated a dataset
of physiotherapist behavior models, representing various styles of
delivery [19]. The behavior actions of these models (i.e. instruc-
tion, hustle, praise, console, etc.) were influenced by the Arizona
State University Observation Instrument [13], a popular tool to
systematically record expert actions during sports coaching ses-
sions. We utilized a subset of these models as design probes during
our workshop, asking participants to provide granular feedback
on the therapist behaviors as annotations on the models. Prior to
this annotation session, we provided a short demonstration of the
ARI humanoid robot by PAL robotics [6], the proposed social robot
embodiment for this project. An example of an annotated behavior
model can be seen in Figure 2. We additionally recorded any verbal
discussions that arose during the workshop for later analysis.

3.2.2 Findings. Participants discussed the importance of balanc-
ing certain social actions such as praise, console, and hustle to the
correct personality type, "Approach can differ per person. Some
need more support or encouragement than others. It is very specific
to the patient". Avoiding the repetition of phrases was also a con-
cern for participants when considering the proposed robot system,
"Being repetitive is fine for exercises, but not for communication".
Close monitoring of patient emotional and physical state is also of
high importance for both the effective direction of rehabilitation
and patient safety, with specific focus on pain, fatigue, engagement,
and frustration, "pain monitoring is important, [therapists] use a
visual scale". Participants additionally stressed the importance of
progress feedback to long-term engagement, "remind them of long-
term improvements”, "remind them that [they have] managed 100
reps. If you think about a week ago, [they] probably wouldn’t have
been able to do 10". With regard to the occurrences and flow of such
social actions during the sessions, our model annotations helped
clarify when and how frequently these should be applied. The key
findings were the assessment of the physical and emotional state
at the beginning of a session and the heavy use of verbal support
during and between exercise repetitions to maintain participation
and gather feedback on the patient’s feelings during the session.

4 LONG-TERM PERSONALIZATION
APPROACH

We introduce a Reinforcement Learning (RL) approach to address
our goal of personalization. RL describes a problem where an agent

LEAP-HRI, HRI "24, March 11-14, 2024, Boulder, CO, USA

Start Session

/

Pre-Instruction

Post-Instruction
(negative)

The patient responds

Figure 2: An example of an annotated behavior model from
our single session interaction design workshop

interacting with an environment seeks to learn a policy of state-to-
action mappings in an effort to maximize a cumulative reward over
time [22]. This learning process manifests as interaction experience
between the agent and the environment, progressively improving
its behavior policy. Such an approach fits well to our use case, were
we wish for our robot to learn the most optimal actions to take over
time to maximize patient engagement and therapeutic outcome.
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Figure 3: Our hierarchical learning structure. ROM Drill has
been expanded to show an example of task decomposition.
(1) and (2) show levels where learning will take place.
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4.1 A Hierarchical RL Framework

Hierarchical Reinforcement Learning (HRL) has demonstrated po-
tential within HRI personalization [3-5], being particularly well
suited for tasks characterized by a natural hierarchy, wherein com-
plex objectives can be systematically decomposed into smaller, more
manageable subtasks [17]. We explore the potential of utilizing HRL
as the structure of a recovery session, shown in Figure 3, naturally
breaks down into sub-tasks which can be independently solved
and, importantly, can be reused at different stages of the session.
Furthermore, in Section 4.2 we discuss how HRL provides various
advantages of traditional RL approaches that will help combat some
of the common issues which arrise in RL-based HRI personalization.

During interaction, a perception component will deliver input
to the learning agent concerning real-time exercise performance
levels and periodic user feedback. There are a wide array of po-
tential techniques towards acquiring motion-tracking data such as
computer vision or wearable sensor technologies. User feedback
can be gathered between rests in exercise sets and could act as
a strong indicator towards user perception of the current session.
One of our next steps in this overarching work, discussed in Section
5, is to design and evaluate these perception technologies.

4.1.1 High-level controller. HRL allows for various behavior poli-
cies to be learned at each level of the task hierarchy, such that
tasks will control the selection and execution of the sub-tasks be-
low. In our framework, learning will take place at levels 1 and
2 as depicted in Figure 3. Furthermore, profile states that persist
over multiple interaction episodes are necessary to enable ongoing
learning, specifically, current exercise ability and the patient’s social
preference. As users naturally progress through varying physical
abilities, they will enter new profile states, thus allowing our system
to provide ongoing personalization.

The set of states pertaining to the high-level control tasks are as
follows. ROM Drill, Strengthening Drill:
s{current exercise, exercise ability, previous completion rate). Exercise
ability is used to restrict lower abilities from accessing exercises
which are out of scope and previous completion rate provides infor-
mation on how well the patient performed previously inside each
phase of the session, thus helping the policy to select exercises for
the current session. The reward function at this level will be based
on relative completion rate compared to the patient’s previous
session.

4.1.2  Low-level controller. The low-level controller will decide
upon more fine-grained instructions such as the number of sets and
repetitions (represented as pair {set, repetition}), as well as social
actions. The set of states pertaining to the low-level control tasks
is as follows. s{previous performace, social preference}. Previous per-
formance will allow for a more fine-grained understanding of the
patients performance in individual exercises, while social preference
will guide the agent’s social behaviors closer to that style of inter-
action. The reward function at this level will be based on relative
performance compared to the patient’s previous session, and high
engagement sensed through periodic patient feedback.
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4.2 Challenges

Attempting to optimize robot behavior from human interactions
within real-world constraints introduces a variety of practical and
theoretical challenges.

4.2.1 Sample efficiency. Learning optimal policies in such complex
scenarios traditionally requires large amounts of training data. In
the case of real-world HRI, data from human interaction experience
is difficult to obtain [28]. There are various techniques that can be
employed to mitigate the need for extensive learning: abstraction
through simplified state space design and task decomposition en-
abled through the HRL framework; transfer learning were parts of
the HRL allow for policies to be reused across various sub-tasks;
learning through simulated users can generate starting policies to
boost learning at the beginning of deployment.

4.2.2  User safety. Controlling autonomous decision-making in
high-risk scenarios such as rehabilitation is paramount. Our robot
should not be permitted access to actions that pose potential harm
to users, for instance, the instruction of strengthening exercises
for patients in the early stages of recovery. Several safeguarding
measures will be taken to mitigate risk, specifically: frequent assess-
ment of physical ability and user profiling; rule-based constraints
to block certain profiles from entering high ability phases of the
session; expert oversight to supervise system actions.

4.2.3 Moving goals. Since patients’ physical abilities and therapeu-
tic goals evolve over time, we would expect that the underlying
relationship between actions and resulting rewards of our system
would be non-stationary, thus threatening efficient learning. To mit-
igate this, our system will focus on relative progress from session
to session, with a reward function which incentivizes performance
and engagement progress.

5 FUTURE WORK AND CONCLUSION

Future steps include the development of an initial prototype of the
system in which a second round of domain expert collaboration
will be conducted to gather feedback on the interaction design,
and validate the technical feasibility of a perception component for
real-time data gathering on exercise performance quality and user
feedback. Previous work in HRI has demonstrated how domain
experts roleplaying as end users can create useful datasets for early
feasibility testing [12]. We aim to exploit this technique to develop
a set of simulated users at various stages of recovery, enabling the
safe evaluation of our HRL framework in a simulated environment
prior to real-world deployment. Our final goal is to evaluate our
system over long-term engagement in a community rehabilitation
setting.

In this work, we describe our learnings from workshop activi-
ties with domain experts in the upper limb rehabilitation domain.
From this, we show how aspects of session interaction and, more
interestingly, long-term program progression have translated into
a comprehensive knowledge representation for the basis of a long-
term robot personalization framework that will form the basis of
our planned hierarchical reinforcement learning approach. We aim
to optimize our system to user profiles based on ongoing assess-
ments of physical performance ability during exercise, as well as
personal behavior preference.
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