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Figure 1: Entrainment leads to consistency in point-of-assembly as illustrated here over the course of 60 iterations.

ABSTRACT

Entrainment during collaboration positively affects trust, willing-
ness to collaborate, and likeability towards collaborators. In this
workshop paper, we present a mixed-method lab study to inves-
tigate characteristics of successful entrainment leading to group-
based temporal synchronisation. Inspired by industrial work, we de-
veloped a fast-paced, short-cycle repetitive task. Using motion track-
ing, we investigated entrainment in both dyadic and triadic task
completion. Initial findings are related to different leader-follower
patterns, the importance of the point-of-assembly, and the value of
sensory information. Based on these findings we hope to inform
robotic behaviour for improved human-robot collaboration.
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1 INTRODUCTION

The industrial sector remains one of the fastest growing application
areas for collaborative robotics [11]. Given the complexity of man-
ufacturing processes, many tasks require collaboration between
multiple actors, including humans and robots. Yet, most studies
within the field of Human-Robot Interaction (HRI) emphasise the

investigation of dyadic interaction and collaboration [13], i.e., the
investigation of the interaction between one human and one robot.
In complex group configurations, efficient collaboration around
tasks becomes even more relevant. Prior research has highlighted
the importance of temporal synchronisation between collaborators
(i.e., rhythms between interaction partners) for efficient collabo-
ration [5, 9, 15]. To achieve this temporal synchronisation, it is
vital that collaborators entrain with one another, thereby achieving
better coordination. As Cross et al. [1] state: “Entrainment refers to
temporally coupled or synchronised systems, and it is the process of
things moving in time together”. In other words, entrainment refers
to the process of falling into temporal synchronisation. Achieving
temporal synchronisation during collaboration through the process
of entrainment leads to a multitude of benefits: a stronger feeling
of togetherness and connection [2], greater likeability between col-
laborators [2, 3], as well as willingness to cooperate [8, 17]. The
occurrence of entrainment, and its effects on human collaborators,
has been investigated in a variety of contexts (e.g., [7, 14, 16]).

To utilise the strengths of both humans and robots during collab-
oration, an understanding of how these can collaborate efficiently
is needed. To investigate this, we study human entrainment in
dyads and triads to understand the entrainment process between
humans with the goal of informing future research on human-robot
collaboration. This is led by the two research questions:

(1) How do humans achieve collaborative rhythms?

(2) How can lessons from human-human entrainment be trans-

ferred to improve human-robot collaboration?

In this paper, we present our completed study, its design, and
initial results in order to spark reflection on potential further steps
as well as improvements. The study design was developed in order
to get insights into how human dyads and triads entrain during the
completion of a fast-paced, short-cycle repetitive task. We investi-
gated this using a mixed-method lab study with 50 participants.
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2 RELATED WORK

A recent paper by Roy and Edan [10] presents a lab-based study
to investigate how pairs of human shelf fillers entrain with each
other. This study was inspired by the working context observed
at supermarkets. They conducted a mixed-method study utilising
field studies to better understand supermarket employees’ tasks
and re-create those in a controlled lab environment. Using both
subjective data collection methods, such as a verbal description of
the experience during task completion or post-session question-
naires, as well as quantitative performance metrics, including ‘the
number of bottles for each 10-second interval’ or ‘level of coordi-
nation amongst team members’, Roy and Edan identified several
factors related to dyadic entrainment in short-cycle repetitive tasks.
They observed different behaviour, as shelving bottles included two
clear roles (giver and receiver). For instance, while the giver uses
visual cues to move the bottles towards the receiver, the receiver
does not often look away from the shelf, simply assuming that
the point-of-handover will be the same for every shelving cycle.
Furthermore, the authors could observe a clear improvement over
time in both the consistency of working speed and coordination,
which indicates a better synchronisation achieved through entrain-
ment. While Roy and Edan’s study investigated dyadic entrainment
in one particular setting (bottle shelving), these lessons might be
transferable to other tasks and group formations.

Rinott and Tractinsky [8] present a literature review on interper-
sonal motor synchronisation (IMS)-based literature. They propose
a framework mapping out different types of Joint-Action—which
does not require any type of temporal synchronisation as long as all
actors work towards the same goal. As part of this framework, the
authors classify ‘Synchronisation’ as the result of ‘Entrainment’:
“Entrainment is a process of reaching the same rhythm and is a re-
quired part of synchronising with someone else.” [8, Section 2.1].
Furthermore, based on existing literature, they synthesise eleven
dimensions (e.g., temporality, information exchange, or the num-
ber of participants) relevant to the study of IMS. Specifically, an
important aspect during the investigation of IMS is the temporal
aspect. IMS can be investigated using external entrainment, such
as a metronome (e.g., [2]) providing a rhythm, or using ‘Mutual
entrainment’, in which participants entrain with each other. Alter-
native names for the same phenomena have been used, including
‘Social entrainment’ and ‘Mutual social entrainment’ [6].

3 STUDY DESIGN

This section describes the study as well as the utilised data collection
and analysis methods. The conducted study is inspired by previ-
ous work on human-human entrainment to inform human-robot
entrainment (e.g., [10, 12]).

3.1 Participants

We recruited 50 participants (38 female, 12 male, average age: 22.96,
SD: 4.06) with varying educational backgrounds, including health,
engineering, and art, to mention a few. Participants were recruited
using social media postings, flyers on campus, as well as through a
dedicated web page. The study was approved by Cornell Universi-
ties ethics review board for studies involving human participants,
and all participants were compensated with a $50 Amazon gift
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card for their participation. We matched participants randomly into
ten triads (N = 30, G1 - G10) and ten dyads (N = 20, G11 - G20).
Additional participants were recruited for pilot testing.
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Figure 2: Triadic setting - Cubers are placed along the long
sides of the table with a bowl of cubes placed next to them.
The bowler is placed at the end of the table with the bowl
and the collection bin next to them. The cubers/bowler could
choose to place the cubes/bin on their right or left side. The
lower left corner shows the cropped view of Camera 2 (G9).

3.2 Tasks

3.2.1 Development and Pilot testing. To identify suitable tasks in
which entrainment has a high potential to naturally occur, we
brainstormed potential ideas resulting in a total of eight different
tasks. All tasks were inspired by typical industrial tasks such as pick
and placing or assembly. After experimenting with these eight tasks,
we narrowed the selection down to two viable candidates, which
were piloted both in the dyadic as well as the triadic configuration.
Based on our observations as well as the feedback provided by the
pilot participants, we selected a single task for extensive analysis
as described below.

3.2.2  The Task: Pick-and-Place. Inspired by previous studies [4, 10]
we designed one task, inspired by industrial pick-and-placing, to
investigate entrainment. The goal of the task was to move 1 X 1
% 1 cm plastic cubes from a bowl to a collection bucket through
collaboration. To accomplish this task, we defined two distinct roles,
the ‘bowler’ and the ‘cuber(s)’. In the dyadic setting, these two roles
would be placed across from one another with a table in between
them. It was the cuber’s task to pick up one cube at a time and drop
it in the bowl. When precisely one cube was in the bowl, it was
the bowler’s responsibility to move the bowl over the collection
bin—placed to the right or left of the bowler—and drop the cube
from the bowl into the collection bin. Following the emptying of
the bowl, the task would repeat.

In the triadic setting, the bowler would sit at the end of the table,
and the two cubers would sit to the right and left of the bowler,
respectively (see Figure 2). Other than the inclusion of an additional
cuber, the task remained the same. For both the dyadic and triadic
task completion, the division of roles and the point-of-assembly
(i.e., the location where collaborators’ actions meet), were decided
amongst participants.
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Figure 3: Motion tracking - triadic collaboration

3.3 Experimental Procedure

Upon entering the lab area, participants received written informa-
tion about the study, including its duration and overall structure.
This was further elaborated on verbally, and participants had the
chance to ask questions before reading and signing the informed
consent form. We first collected demographic data (i.e., age, gender,
and handedness) using a Qualtrics questionnaire. Following this,
we introduced each pair or triad to the task, after which participants
could ask questions again and start completing the task for an in-
definite period. After four minutes, we would stop the participants
for the post-task semi-structured interview (average interview time
was 11min and 40sec). The interview was structured around five
separate topics: i) general experience during task completion, ii)
experience and preference towards the chosen role, iii) experiences
and strategy for negotiation of point-of-assembly, iv) trust towards
other participants, and v) perceived performance. The post-task
interviews were conducted in dyads or triads to foster insightful
conversations about the experience.

3.4 Data Collection and Analysis

For this study, we utilised a mixed-method approach combining mul-
tiple qualitative methods with quantitative measurements. Specif-
ically, we used an OptiTrack camera setup with 18 cameras for
motion tracking of participants’ hands and the position of the bowl.
Additionally, we used two video cameras (see Figure 2) to ensure
audio-video recordings of participants for later video analysis.

As we collected multiple data streams, we used various data anal-
ysis methods. We applied thematic analysis to the semi-structured
post-session interviews to identify themes relevant to the investi-
gation of entrainment. Using the motion tracking data, we detected
the completion of each iteration of the task, quantifying changes in
task completion over time. This approach allowed us, for example,
to identify the number of task iterations completed during each
10-second interval [8]. Furthermore, we used motion-tracking to
identify a decrease in temporal variation between task iterations
as indicative of successful temporal entrainment (see Figure 3).
Lastly, we used the video recordings, analysed using the video an-
notation software ELAN, to contextualise participants’ reported
experiences. For the purposes of this workshop paper we focused
on the qualitative data.
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4 FINDINGS

This section will briefly highlight three of the preliminary findings
related to the 1) emergence of different leader-follower patterns, 2)
the consistency of the point-of-assembly, and the 3) importance of
sensory information.

Leader and Follower. The data analysis revealed three distinct
types of leader-follower patterns: static, flexible, and absent. During
most dyadic collaborations, we observed a pattern emerge focus-
ing on a static leader. Participants in the dyadic configurations
perceived the cubers task as more difficult, making this task the
bottleneck. Given that this task was being perceived as slower, the
bowler would typically be ready before the cuber would had picked
the next cube. Therefore, the cuber was often perceived as the
leader during the dyadic collaboration (7/10 dyads). As expressed
by G15: 1 like to believe that I set the speed [...] I don’t recall waiting
for the bowl very often’. Contrasting these dyads, G14 and G16
described the absence of a distinguishable pattern. They described
that each dyad member was seemingly independent of one another,
completing their task. The dyads found a rhythm that led them
to complete their sub-task at the same speed without needing a
dedicated leader.

Contrasting the dyads, the triads were less explicit about the
presence of a leader. Given that each person interacted with two
other collaborators, the presence of two leaders was a possibility
(e.g., G1). Here, the bowler followed both cuber’s behaviour, who
were leading the interaction and providing the rhythm to which
the bowler adjusted their pace.

T feel I [the bowler] ... am the follower for their collective be-

haviours, because I was trying to match the tempo. ... I personally

see the dropping of the cube as an audio cue on what the rhythm

is.” - G1

The last pattern observed was the presence of a flexible—or
varying—leader during the collaboration. This was, for instance,
expressed by one of the cubers in G8 who stated that: Tdon’t think
there is a leader role, but I kind of follow her because ... she puts the
cube in first, and then I will follow.

Point-of-Assembly (PoA). We define the PoA as the point in
which the bowl is placed/held and the cube(s) are dropped in. We
observed different strategies employed to increase individual and/or
group efficiency. Two different strategies for negotiating of the
PoA emerged, namely: i) ‘optimisation for group efficiency’ and ii)
‘optimisation of own task’.

For strategy i), groups had the tendency to prioritise adjustment
of the individual task, not focusing on ease of task completion, but
to decrease the collaborative group effort. Several groups (e.g., G2,
G4, G8, G12, G16) expressed this behaviour. The bowler in G4, for
instance, used this strategy to facilitate the two cubers: They were
putting the cubes down at the same time. So I just need to place it in
the middle.’. A similar approach was described by the bowler in G2,
who optimised the placement of the bowl to increase overall group
efficiency. Even though this increased the range of motion needed
by the bowler, it reduced the task complexity for the two cubers.

A different approach was observed in which several participants
of both roles reported on the optimisation of their own task—not
necessarily to the benefit of the other collaborators— leading to a
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change in behaviour of the other participants. While both strate-
gies led to an increase in overall efficiency, the difference lies in
the intention. Contrasting the adjustment of their own behaviour
to facilitate collaborators aims at improving group efficiency, the
second approach achieves this only as a potential side effect re-
sulting from the individual optimisation. Nevertheless, the overall
efficiency increased as it resulted in an optimisation of the group’s
bottleneck. Similar observations were made in the triadic setting.
In G5, for instance, the bowler describes adjusting the position of
the bowl to reduce the distance to the bin, thereby decreasing the
need for movement for their own task.

Lastly, regardless of the strategy utilised by the groups, mul-
tiple groups expressed (e.g., G1, G3, G5, G7, G11, G12) that the
efficiency of task completion depends on the consistency. As a
higher consistency led to greater predictability in motion this led
to less downtime in task completion.

In addition to participant descriptions, the consistent PoA selec-
tion was evident from the video analysis. After, e.g., G4 had found a
position that worked for them—the bowl slightly closer to the side
of the bin—it was clear to see that an effort was put into keeping
the PoA as consistent as possible. Figure 1 illustrates the bowl place-
ment for G4 over the course of 60 iterations (24 — 44 — 64 — 84).

Importance of Sensory Information. An additional character-
istic identified through the study is related to the dependence on
sensory information. While the task required visual and tactile
information, the importance of auditory information was observed
during the video analysis and described by participants.

While the use of visual and tactile information was expected,
most groups (e.g., G1, G5, G8, G9, G12, G17) further relied on audio
cues produced by the task. The benefit of the auditory signalling
was expressed in multiple directions, both to and from the bowlers’
task. As it could at times be difficult to see if the cubes were dropped
by the cuber(s), bowlers reported using sound to confirm that the
cubes were in the bowl. Auditory cues further provided information
about when the bowl could be moved towards the bin. Audio cues
were relevant in both the dyadic and the triadic condition.

‘T would look, but I also make sure that I heard something.’ - G8

During the video analysis, we could observe that bowlers stopped
the interaction when they missed the bin. This was due to the
absence of audio cue when the cubes did not hit the bin, but landed
on the carpet, not producing the distinct sound the bowler was
listening for. Just as the bowler used audio cues to know when to
proceed to the next step of their task, so did the cuber(s). In the
cuber(s) case the signal used was caused by the bowler dropping
cubes in the bin next to them, thereby signalling the end of the
iteration. This sound of falling cubes would signal the cuber(s) that
the bowl is about to return to the PoA to collect the next cube.

These findings highlight the value of multi-modal signalling
during task completion. The use of, e.g., acoustics, frees other senses
for the preparation of the next iteration, while simultaneously
providing feedback about the progression of the iteration.

5 WORKSHOP DISCUSSION

With participation in the WYSD workshop at HRI’23 we invite
criticism and reflection on the described study. We hope this will
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provide valuable insights allowing us to make the most of the col-
lected data. Furthermore, we hope to have stimulating discussions
on how the study could have been improved to inform further steps
in the project.

We invite input to, e.g., the following questions:

(1) Can the data be used to answer additional open questions?

(2) What should we have done differently?

(3) Any, maybe obvious, next directions we have overlooked?

(4) How to identify the most impactful finding for the HRI community?

We initially utilised this study to provide design considerations
for HRI. We invite alternate strategies for creating impactful con-
tributions for the HRI community based on this study.
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