


II. METHODS

A. System Overview
The system comprises a BWS device, a collection of five

Sphero robots, and a network of sensors that provide the
necessary information to close a control loop with the robot
swarm. The infant-swarm interaction area is confined within a
13⇥10 ft2 envelope, covered with foam pads to ensure safety
and comfort for the infants.

The BWS device is a commercial device (Oasus™; Enliten,
LLC) that consists of an overhead support rail structure and
a counterweight. The rail structure consists of two parallel
beams along with a movable beam of equal length connected
to a wearable harness. The harness is linked to a counterweight
via a pulley system; manipulating the counterweight produces
adjustable levels of upward force that partially offsets gravity,
thus allowing for various levels of support provided to the user.
This flexibility is useful for two reasons. First, it can facilitate a
variety of motor actions as a higher amount of support may be
needed to keep the infant in an upright posture (e.g., standing,
etc.) than in horizontal motion (e.g., crawling, etc.). Second,
in longitudinal training with the BWS device, the amount of
support may be reduced over time to ensure that the user does
not become completely dependent on the device for mobility.

The Sphero BOLT (Sphero Inc, Boulder, CO), a small
differential drive robot enclosed in a transparent plastic ball,
is selected for the collective. The robot can move with a
maximum speed of approximately 7 ft/sec (depending on
terrain) and maneuver horizontally almost omnidirectionally.
The robots are covered with colorful material in an effort to
attract the infants’ attention.

The collection of robots can be autonomously controlled in
the environment; each robot contains an inertial measurement
unit (IMU) (consisting of a 3-axis accelerometer, gyroscope,
and magnetometer), while bidirectional communication is
established via Bluetooth. Sphero’s IMU data are not of
sufficient resolution and accuracy to enable on board real-time
closed-loop control, so we rely on vision-based exteroceptive
perception for robot localization. A ZED stereo camera is
attached to the ceiling at the center of the area. The real-
time position of robots is obtained via a multi-object detection
YOLO v8 algorithm and built-in functions of the OpenCV
library.1

With a human (infant) in the loop, our system needs a means
of assessing human reaction in real-time. To this end, a palm-
size motion tracker (MetaMotionR, MBientLab) is attached to
the harness. This sensor connects to the rest of the system
via Bluetooth and provides real-time acceleration data of the
infant’s trunk in all three dimensions. These data are used to
detect any state changes of the infant (e.g., from crawling
to walking) in an autonomous way, without input from a
researcher. Two additional web cameras (Logitech) are placed
around the environment to give us visual data from additional
angles. All three cameras record with a frequency of 15 frames

1Information on the different components can be found at: https://www.
stereolabs.com/products/zed-2; https://docs.ultralytics.com/; http://opencv.org

per second and are synchronized through software developed
in house. The overall system architecture is illustrated in
Fig. 1 with the arrows in the block diagram indicating the
information flow between the different modules of the system.

Fig. 1: Diagram of the overall system architecture. The main
coordinator of the system is a PC (running Ubuntu 20.04.6
LTS). The coordinator sends motion commands to the robots
after receiving information about their position (ceiling cam-
era) and the estimated state of the human (motion tracker).

B. Interaction Dynamics
Information obtained from the sensors is utilized to trigger

swarm behaviors that may be perceived as inviting infant
interaction. Chasing games, for example, are instances of
serious games employed to captivate the interest and enhance
engagement in therapy sessions, especially for children who
are prone to distractions or face mobility challenges [22], [23].
One potential robot behavior that our earlier work [24] has
indicated that has the potential of triggering a chasing game is
one that involves a dynamic variation of the distance between
the robot and the infant. The current system incorporates this
insight and embodies it in the robot collection dynamics.

To design trajectories that are likely to trigger such in-
teraction, dynamic artificial vector field methods are used to
steer the whole collective leveraging results from bifurcation
theory [25]–[27]. The back-and-forth motion identified as a
possible invitation to chase can be defined using a bifurcation-
based approach to design a limit cycle that steers the robot
towards and away from the infant. In such an approach,
a dynamical system of differential equations is defined to
generate the steering vector fields. It consists of interconnected
navigation, motivation and value dynamics subsystems. The
navigation dynamics represent the resulting vector field for
the desired limit cycle which is a convex combination of two
component circular limit cycle vector fields. The motivation
dynamics is the bifurcation-based decision-making mechanism
of the dynamical system, deciding how the two component
vector fields should be combined to form the desired result,
and finally, the value dynamics give the notion of urgency into
our dynamical system to ensure that it will reach the desired
behavior and remain close to it. By appropriately resetting a
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single scalar parameter of the system, the overall dynamical
system can exhibit a limit cycle that will steer the collective
of robots towards and away from the infant [28], [29].

Such an approach provides us with an advantage of in-
cluding the ”point of interest” around which the robots will
evolve, as an input to the dynamical system of equations.
More specifically, in our case, such point of interest can be the
position of the infant that can be imported in our dynamical
system and adaptively steer the robots towards the infant even
when the latter is moving in the space.

III. EXPERIMENT

A. Protocol

Developing the experimental testbed of the system with
infants as the primary agents needs careful co-design of all
components. For example, the task type, targeted duration of
engagement as well as the rewards given should be strategi-
cally chosen to reflect the levels of perception and attention
reached by that age. Therefore, pilot sessions were conducted
to evaluate the overall feasibility of the system and collect pre-
liminary data on the infant’s mobility actions and interaction
with the robot swarm. The University of Delaware Institutional
Review Board approved the study (IRB ID# 1640064-7) and
the caregivers provided written informed consent for their
infant’s participation and use of images for publication.

A neurotypical 8-month-old female infant participated in
two consecutive sessions. The infant was able to sit and crawl
but not walk independently at the time of the experiment, as
these are typical developmental milestones for this age. The
level of BWS provided by the device used in both sessions
was 20%, allowing the infant to perform a variety of postures
(e.g., sitting, prone, etc.), mobility actions (e.g., crawling,
etc.) as well as transitions (i.e. sit-to-crawl). In both sessions,
the researcher and caregivers remained present in the area.
Caregivers were instructed to remain in that location and
let their infant interact with the robots freely on their own.
The first session was dedicated to the infant’s familiarization
with the system by providing them time in the harness and
exploring the robots in passive mode. In the second session,
data were collected under three conditions: “Passive 1” (1
minute), “Active” (3 minutes), “Passive 2” (1 minute). In the
“Active” condition, the collection of robots was activated on a
time-based switch (every 30 seconds). Due to technical issues
with the motion tracker in this pilot session, an event-based
switch (i.e., robot activation based on the state change of
the infant) was not possible. The motion of the collective
was implemented using the navigation dynamics described
in subection II-B. Their positional information captured from
the ceiling camera was used to close the loop and minimize
any tracking error occurred. In the “Passive” conditions, the
robotic swarms were inactivated. In “Passive 1”, the researcher
manually moved the Spheros in the area to elicit the infant’s
mobility as in a typical play scenario whereas in “Passive
2” Spheros remained inert, without providing any stimuli for
interaction.

B. Variables of Interest and Data Analysis

Video recordings were used off-line to extract data on
the infant’s mobility and interaction with the robots. The
frequency and duration of events of interest were annotated:
robot stimuli, infants’ attention, reaching and gesturing to
robots, and crawling. The inter-rater reliability (% agreement)
between the two coders was 99.6 %, 89.22%, 98.35%, 99.81%,
92.75% for all the aforementioned annotated categories, re-
spectively. In addition, the recording of the ceiling camera
was used to track the motion of all agents in the scene
offline and to obtain their x, y coordinates at every frame
(Kinovea 0.9.5). The infant’s path was tracked only if the
infant performed independent locomotion. In instances where
the researcher lifted and/or relocated the infant (e.g., if the
infant went outside the play area) the tracking was temporarily
suspended. From these raw data, we evaluated time in motion,
total distance traveled and new areas of exploration (areas
visited for the first time during each condition). The new area
explored was calculated by summing up the regions within
a 15 cm radius around the infant’s head (cf. [13]); whenever
the infant moved to a part of the area that they hadn’t been
before, this was considered an increase in the total new area
explored. Movements that involved either postural sway or
revisiting previously explored locations did not count toward
the exploration of new areas.

IV. RESULTS

No signs of discomfort or adverse effects during the ses-
sions were reported. Overall, the infant was mobile in the
environment and engaged in various actions with the robots
throughout the second session (Table I, Fig. 2, Fig. 3)

TABLE I: Frequency and Duration of Infant Actions

Crawl Reach Gesture Visual Attention

Frequency 18 13 2 15
Duration (s) 126.35 12.51 12.4 42.58

Comparing differences across conditions, the total distances
traveled by the infant were found to be 1945.12 cm, 3130.95
cm and 1439.06 cm respectively (Fig. 3). After normalizing
the distance to account for the different duration of the
conditions, we get rates of 32.24 cm s�1, 53.18 cm s�1 and
25.57 cm s�1 respectively (Fig. 4A). In “Passive 1”, the infant
was locomoting for 37.41%, in “Active” for 50.75%, and in
“Passive2” for 22.03% of the time (Fig. 4E). The total area
covered by the infant while crawling, including postural sway
and revisited areas in the play-mat, was 391.25 cm2, 86.50
cm2 and 36.97 cm2 respectively. Out of the area covered,
1.04%, 14.26% and 1.29% were the new areas explored (Fig.
4B). The percent of the total area explored was 4.08%, 12.33%
and 0.47% respectively (Fig. 4C). Accounting for time, the rate
of new area explored was 85.48 cm2 s�1, 86.35 cm2 s�1, and
10.68 cm2 s�1 respectively (Fig. 4D). Overall, it seems that
the mobility and exploration for this particular subject were
greater when the swarm of robots was in active mode.
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Fig. 2: Snapshots of the infant interacting with a swarm of Sphero robots during the ”Active” condition. Initially, the robots
are arranged by the researcher into a straight line, marking the beginning of the ”Active” condition. Throughout the ”Active”
condition, the robots moved toward and then away from the infant, repeating this pattern seven times. The robots do not return
to their starting positions after each movement. This results in a fluid and evolving interaction between the infant and the
robots.

Fig. 3: Total path traveled by the infant and each of the caregivers during the whole session. The gradient color of the infant’s
trajectory indicates the temporal progression, with the darker color marking the beginning of the path.

In the initial minute of the session, 18 s of activity were
spent in the most visited area. This was followed by 17 s
and 12 s in the second and third minutes, respectively. The
fourth minute marked the lowest concentration, with the area
receiving only 4 s of presence. In the fifth minute, 18 s were
spent in the most visited area. Thus, the infant in both “Passive
1” and “Passive 2” swarm conditions, spent more time in a
more localized area (Fig. 5B).

V. DISCUSSION

This paper introduces a methodology for infant-swarm
interactions in motor training environments. The pilot findings
lay the foundation for future studies in this field. Our results
indicate an increased mobility and exploratory behavior during
the ”Active” swarm condition for this infant. In ”Passive 1”
condition, as the researcher interacted with the infant using
the robots as typical toys, the infant displayed higher activity
levels compared to ”Passive 2” condition, where the researcher
did not engage in play. Regarding the exploration of new

areas, the infant explored the largest percent of the areas
during the ”Active” phase. In ”Passive 2” as the researcher
did not captivate the infant’s attention, a decrease in the rate
of exploratory behavior was observed and the infant showed
a preference for staying close to one of the the caregivers.
This could be attributed to the lack of stimuli but also the
familiarization of the infant with the environment in the
previous conditions.

Furthermore, in the “Passive 1” condition, the infant’s
presence is centered around the middle of the play area, while
in the “Passive 2” phase, the presence is concentrated at corner
points where one of the caregivers was seated. In the “Active”
condition, a more distributed pattern is generated. The spread
of the high-density regions in the play area indicates a dynamic
presence, moving from one place to another, as opposed to the
passive conditions where the infant is more static.

A number of limitations of this work may warrant future
consideration. Although the ecological nature [30] of the
experimental design is a strength, it did lead to infant having
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Fig. 4: A) Distance traveled per second by the infant during each swarm condition. B) Total area covered by the infant during
each swarm condition. C) Areas of the play-mat explored by the infant during each condition. D) New areas of the room
explored per second during each swarm condition. E) Percent of time locomoting (crawling) during each swarm condition.

Fig. 5: A. Timeline of robot and infant actions during the session. B. Heatmaps depicting the average time spent in each
location of the area (estimated as a 15-cm radius circle centered on the infant’s head [13]) at each minute into the session.

somewhat random opportunities for interaction (i.e., levels
of stimulus given). The unpredictability of the interaction
in this setting highlights a well-known challenge in human-
robot interaction research: achieving balance between precise
experimental protocols and the variable conditions of a natural
environment [31]. Additionally, the issue of color and texture
preference in infant-swarm interactions calls for further inves-
tigation [32]. Finally, the study involved a single subject, thus
the number of observations was limited. Such limitations can
impact the development of human-robot interaction models;
thus, further large-group studies are needed.

VI. FUTURE WORK

When we design infant-robot interaction paradigms, we
need robots that keep different elements of the social interac-
tion novel, interesting, dynamic, and challenging; highly agile
robotic swarms have the potential for such actions. In this
paper, we propose a novel infant-robot swarm environment
and describe the interaction of an infant with the robots. We
showed that multiple synchronized stimulus sources offered in-
dications of increased mobility and exploration. However, for
how long and in which way we can sustain the infant-swarm
interaction and re-engage infants after a period of inactivity

still remains unknown. Future work involves the examination
of different swarm behavior patterns (Fig. 6). These swarm
patterns could offer insights into how infants perceive different
types of patterns in three-dimensional space, complementing
prior work on visual pattern perception [33]. For instance,
they could reveal whether infants have a preference for more
complex patterns as opposed to simpler ones, or how they
respond to novel patterns compared to familiar ones.
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