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Abstract
Social robots have gained a lot of attention recently as they have been reported to be effective in supporting therapeutic
services for children with autism. However, children with autism may exhibit a multitude of challenging behaviors that could
be harmful to themselves and to others around them. Furthermore, social robots are meant to be companions and to elicit
certain social behaviors. Hence, the presence of a social robot during the occurrence of challenging behaviors might increase
any potential harm. In this paper, we identified harmful scenarios that might emanate between a child and a social robot due
to the manifestation of challenging behaviors. We then quantified the harm levels based on severity indices for one of the
challenging behaviors (i.e. throwing of objects). Our results showed that the overall harm levels based on the selected severity
indices are relatively low compared to their respective thresholds. However, our investigation of harm due to throwing of a
small social robot to the head revealed that it could potentially cause tissue injuries, subconcussive or even concussive events
in extreme cases. The existence of such behaviors must be accounted for and considered when developing interactive social
robots to be deployed for children with autism.

Keywords Social robots · Safety · Autism · Meltdown · Head impact

1 Introduction

In the last few decades, robotics research has witnessed sig-
nificant changes in the traditional paradigmas it has shifted to
cover newareas, such as entertainment, transportation, space,
healthcare, and others [102]. Robots are now being consid-
ered to be used in many applications (e.g. rehabilitation and
elderly care) that require direct physical human–robot inter-
action [37,102].

Autism spectrum disorder (ASD) is a condition that is
diagnosed during childhood and affects neurodevelopment
[120]. Previous studies have shown that children on the
spectrum have strong interest in technology, such as com-
puter applications [48], virtual environments [87], and robots
[16,98]. There has been a growing interest in the clinical
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use of robots to assist in the therapy of children with ASD
[10,28,52]. The usage of technology, especially robotics, for
ASD therapy opens many possibilities in the early interven-
tion for children with ASD, and toward more personalized
therapy [90,91]. The application of robots for intervention
provides many options and flexibility as robots can be used
as an intervention tool to facilitate the therapeutic session, as
a co-therapist with turn-taking with the main therapist or as
a sole therapist [10,29].

There has been a growing concern pertaining to the rise at
an unprecedented rate of ASD among children. For example,
the pervasiveness rate of ASD was found to be 1 out of 45
in the United States [118] while in the United Kingdom, the
estimate was 1 out of 100 [39]. Due to the diverse nature of
ASD, the manifestation of behaviors among children on the
spectrum varies greatly in their degree. Children with ASD
face lifelong impairments in social interaction, communica-
tion, and the exhibition of restricted interests or behaviors [5].
Furthermore, children face a multitude of daily behavioral
challenges as compared to neurotypical children [23,26].
Intervention, especially during the early years, seems to play
a significant role in the treatment, or at least in the mitigation
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Fig. 1 Some of the robots that have been considered or have the poten-
tial for ASD intervention: aKeepon, a yellow snowman-like robot [68].
b Chippies, a pack of playful puppies (With kind permission from
WowWee Group Ltd). c SPRK+, a ball robot (With kind permission
from Sphero). d Lynx, a humanoid robot companion (With kind per-

mission fromUBTECH). eCozmo, an interactive forklift-inspired robot
(With kind permission from Anki). f Leka, an autonomous ball-like
robot (With kind permission from Leka Inc). g Tipster, an interactive
toy robot (With kind permission from WowWee Group Ltd)

of challenging behaviors so that the children can be more
independent [92].

The traditional intervention sessions for ASD have been
usually conducted by therapists. However, the progress in
technology has enabled the introduction of new methods
and techniques to facilitate the screening of ASD and inter-
vention [15]. Children were found to be more intrigued
to interact with robots as compared to humans due to the
limited complexity of robots [16]. There have been many
reported evidence of the efficacy of using robots for ASD
intervention [16,98,103]. Many studies have demonstrated
that robots can be used to elicit many behaviors, such as
imitation, joint attention, eye contact, and gestural responses
[19–21,47,113].

The diversity that exists within the spectrum of ASD
appear to reflect upon the design of social robots that have
been considered in this line of research. The social robots
that have been developed were designed to have different
appearances, sizes, and shapes that can be broadly catego-
rized as being anthropomorphic, non-anthropomorphic or
non-biomimetic [16]. Kaspar [54], a minimally-expressive
robot is an example of an anthropomorphic robotic design.
Keepon [68], a yellow snowman-like robot, is an example of a
non-anthropomorphic design while Roball [79] is an exam-
ple of a non-biomimetic design due to its spherical shape.
Furthermore, there are many commercially-available social
robots and robotic toys that have been developed to assist in
ASD therapy or have the potential to be considered (Fig. 1).
The introduction of a new eliciting stimulus (e.g. robot) to
such children could become a source of harm during the

manifestation of challenging behaviors. Children with ASD
often exhibit a variety of stereotypical behaviors that are often
impulsive and aggressive. Suchbehaviors could be a response
to an unwanted stimulus or as a result from a failed emotional
regulation [77].

The rapid evolution of technology has sparked a global
interest in robotics and their prospective applications. The
International Federation of Robotics (IFR) [57] has predicted
that the number of entertainment robots, such as toy robots,
personal edutainment robots, and multi-media robots, will
rise to 11 million units by 2019. This dramatic increase in
the number of robots, especially the ones in close proximity
with humans, has implications on safety that emphasize the
need for standardization. Some of the standards that were
established were ISO 10218 [58,59], which is concerned
with safety in industrial robots; ISO/TS15066 [62], which
is related to collaborative industrial robots; and ISO 13482
[60], which is related to personal care robots. Currently, there
is no safety standard for social robots or toy robots.

One of the earliest works concerning safety and harm
quantification with robotics introduced the human pain tol-
erance as an indicator for potential risks [114]. In another
work, the simulation of impact tests of an industrial robot
on a crash test dummy using Finite Element Method (FEM)
was proposed and demonstrated to assess safety [84]. In later
works, actual crash test dummies have been used in impact
tests using industrial robotic arms [44,46]. Various safety
indices, such as for the head, chest, and neck, have been used
in the evaluation of safety and potential injury levels due
to impacts. To date, limited studies have been conducted on
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Fig. 2 Different forms of
challenging behaviors that are
exhibited by children with ASD
[35,66,72,75]

safety in social robotics, especially pertaining to the safety
of children with ASD [38,50,109].

The objective of this study is to quantify the harm levels
based on severity indices for one of the identified potentially
harmful scenarios that might arise between a child and a
social robot due to the manifestation of challenging behav-
iors. This paper is organized as follows. Section 2 describes
the epidemiology of challenging behaviors and the potential
risks with robots. Section 3 describes the harm quantification
and relevant severity indices. Section 4 provides the materi-
als and methods. Section 5 describes results, which are then
discussed in Sect. 6. Section 7 concludes the study.

2 Challenging Behaviors in Children with
ASD

2.1 Overview

Individuals on the spectrum are unique and complex in
their dispositions and in their manifestation of ASD. Autism
affects such individuals and causes a lot of deficits and chal-
lenges in their communication skills, interactionswith others,
behaviors, sensory inputs perception, and social life [23].
Furthermore, they exhibit self-stimulatory behaviors, per-
fectionist tendencies, meltdowns, and delayed echolalia [30].
Children diagnosed with ASD tend to exhibit more challeng-
ing and aggressive behaviors than their neurotypical peers
(Fig. 2). For example, thosewith perfectionist tendencies and
emotional regulation deficiencies have shown higher level of
aggressive behavior, anxiety, and depression [4,6].

Frustration is another contributing factor toward the exhi-
bition of more challenging behaviors. Children with ASD
might face frustration when being exposed to new unpre-
dictable, overwhelming, and noisy environments as that
found in hospitals [66,97]. In addition, such environments

are rich in stimuli that might overload their body’s senses,
and that would make meeting their needs even harder due to
the increased struggle with the new environmental changes
[82,97]. Challenging behaviors take different forms, such as
withdrawal, repetitive and stereotypical habits, aggression
against others, self-injury, tantrums, meltdowns, and prop-
erty destruction [66,72,75]. Not only such behaviors pose
risks on the children themselves, but also pose a lot of risks on
others around them, such as other children, nurses, patients,
caregivers, parents, and family members [66,88].

2.2 Epidemiology of Challenging Behaviors

Among all the childrenwith developmental disabilities, chal-
lenging behaviors and anxiety problems seem to have higher
prevalence rate among children with autism [32,42]. Those
with more severe ASD have showed higher rate of challeng-
ing behaviors as compared to those with less ASD severity
[76,81]. Furthermore, studies have shown that even infants
or toddlers that are diagnosed with ASD do exhibit challeng-
ing behaviors at a higher rate compared to their neurotypical
counterparts [35,69]. Due to difficulties in using proper com-
munication to satisfy their needs, children with autismmight
turn to challenging behaviors as a form of communication to
express themselves [55].

The pervasiveness of challenging behaviors among indi-
viduals with autism is relatively high. One study surveying
222 children reported a 50% occurrence rate while another
study surveying 32 adults reported a rate of 69% [7,13]. A
more recent study with a larger sample size of 1,380 chil-
dren has reported a high aggression prevalence rate of 68%
against caregivers and 49% against others [67]. The major-
ity of the previous studies have reported the occurrence of
at least one or more challenging behaviors among at least
half of the individuals with ASD [35]. The existence of such
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behaviors has many implications on those providing treat-
ments and services to individuals with ASD [55].

2.3 Robots and Potential Risks

Technology offers a lot of potential to therapeutic sessions,
such as, but not limited to, independent learning, individual-
izing, motivation, reinforcement, social and communicative
skills practice, hands-on learning, and others [31]. The
advancement in several Artificial Intelligence (AI) fields has
enabled robots to function independently and more naturally
for effective social interactions. Social robots differ from typ-
ical toys inmanyways, such as theway they engage people at
an interpersonal level to achieve positive outcomes in differ-
ent domains [14]. Furthermore, social robots should be able
to convey emotions, form social relationships, demonstrate
personality, use natural communication cues, and to under-
stand their social partners [49]. Child-robot interactions are
characterized beyond traditional toys by the form of a robot’s
embodiment, the interface of communication, two-way inter-
action, and the robot’s adaptability to the child [24,36].

Children interacting with social robots are prone to touch-
ing the robot. In some cases, they might show aggression
toward the robot [1,11,107]. This requires that the existing
design guidelines must ensure the safety of the children and
the physical integrity of the robot, especially during melt-
downs [1,16,17]. While some of the existing robots could
meet many of the therapy objectives, they are still not ade-
quate enough to be used with some of the children on the
spectrumwhomay exhibit hyperactivity and aggression [53].
Themajority of the social robots used in the literature are just
prototypes, not commercially available, and have yet to find
theirways into therapy sessions or special needs schools [52].
Hence, the exposure to such technology is still very limited
worldwide and the need to identify potential safety issues
arises. The wide adoption of social companions and smart
toys would introduce some concerns and ethical considera-
tions that must be addressed early on [22,24,74,100].

The occurrence of challenging behaviors, such as kick-
ing objects, throwing objects at others, banging on objects,
and harming oneself by hitting [75], when a robot is present
increases the chances of potentially risky scenarios (Fig. 3).
Depending on the size of the social robot being used, the
magnitude of potential risks might change accordingly. For
instance, kicking a large robotwill inflict an initial harm to the
kicker and secondary damage on others in case of the robot
falling down on them. On the other hand, kicking a small
robot might affect others and cause harm. Another challeng-
ing behavior that could inflict harm on others is throwing,
especially in the case of small and light robots. The child
could use the small robot involuntarily as an object to be
thrown to others. Self-inflicted harmful behaviors, such as
banging and hitting, could be increased with the presence of

Poten�al Risky 
Scenarios

Due to hi�ng or 
banging Due to throwing

Due to self-harming Due to kicking

Fig. 3 The identified possible risky scenarios that might occur between
a child and a social robot due to some of the challenging behaviors

a robot as it can be used by the child. All the aforementioned
scenarios must be accounted for when designing robots and
solutions to mitigate them must be investigated.

3 Quantifying Harm

3.1 Overview

The human head is susceptible to traumatic brain injury
(TBI) when it is receiving blows or bumps, or when sub-
jected to impacts with projectiles, such as a baseball [12].
TBI is categorized as either being mild or severe, and could
cause permanent disability or in severe cases, death. Themost
occurring type of mild TBI is concussion. It is not consid-
ered life threatening. However, the results on the affected
individual can be serious [83]. In the United States and in
2013 alone, a total of 2.8 million cases (i.e. 50,000 deaths,
282,000 hospitalizations, and 2.5 million emergency depart-
ment visits) of TBI have been reported with falls being the
lead cause followed by getting struck by or against an object
[108]. Furthermore, it has been reported that 1 in 5 cases of
TBI occurred among children (age < 15 years old). TBIs
among young children may impair the neurological develop-
ment and cause amultitude of challenges, such as depression,
attention deficit hyperactivity disorder, and in attaining aca-
demic achievements [2,3,89,116].

Throwing objects, especially in the case of small robots,
pose a great risk to the head and needs to be quantified. The
objective of this study is to simulate objects being thrown at
the head to quantify harm levels.Hence, this sectiondescribes
the related studies and relevant severity indices.
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3.2 Related Impact Tests

Laboratory settings using anthropomorphic test dummies
(ATD) are typically used to simulate potentially dangerous
scenarios to evaluate the possible harm to a human, such as
that used in car crash tests. Furthermore, similar setups have
been used to quantify harm due to impacts in some sports
and to evaluate protective gears, such as helmets [78,85,115].
One studyused similar settings to assess the influence of taek-
wondokicks and the peakvelocity of the foot on the dynamics
of the head [34]. In that study, a crash test dummy head was
secured to an aluminum frame and it was used as a target for
the kicks performed. The dummy head was equipped with
an accelerometer to measure the dynamics of the head (i.e.
changes in acceleration) as it was being hit by the partici-
pants. The data generated was used to assess the potential of
concussion based on the head injury criterion (HIC).

Similar studies were conducted in industrial robots to
quantify the potential harm due to different possible impact
scenarios between a human and a robotic arm. For exam-
ple, studies have conducted impact tests of a manipulator
to a dummy at a standard automobile crash test facility
[44–46]. In such studies, impacts by robotic arms using flat
surface impactors were performed against a standard crash
test dummy in three regions (i.e. head, chest, and neck). The
potential of injury or harm levels were evaluated based on
the respective severity index or indices for each region. The
evaluations were based on varying some robotic-dependent
variables, such as mass and velocity, and their relation on
the resultant severity indices. In some studies, low-cost body
part models, such as using a head model or an arm model,
and low-cost sensors were considered and used to carry out
experimental tests to evaluate human–robot impacts [25,45].

3.3 Severity Indices

Severity indices are associated with injury scaling, such as
the Abbreviated Injury Scale (AIS) [40]. AIS is a tool that
provides a simpleway to grade the observed injury based on a
scoring criteria (Table 1). AIS, together with various severity
indices, give an estimation of the potential for an injury and
its respective severity.

The investigation in this study was limited to the head,
hence, only relevant head indices, namely, head injury crite-
rion (HIC), 3 ms criterion, peak linear acceleration, impact
forces, and tissue injuries, are summarized.

3.3.1 Head Injury Criterion

Head Injury Criterion (HIC) is one of the most commonly
used severity indices to measure the possible injury to the
head in many applications, such as in vehicles and in sports

Table 1 Abbreviated Injury Scale (AIS) and the corresponding injury
classification

AIS score Injury classification

1 Minor

2 Moderate

3 Serious or severe, but not life threating

4 Severe and life threating

5 Critical and uncertain survivial

6 Unsurvivable

Table 2 The values of population mean μ and standard deviation σ

corresponding to different scores of the Abbreviated Injury Scale (AIS)

AIS score μ σ

2 6.96352 0.84664

3 7.45231 0.73998

4 7.65605 0.60580

[110]. HIC is defined as:

H IC = (t2 − t1)

[
1

(t2 − t1)

∫ t2

t1
a (t) dt

]2.5
(1)

where a(t) is based on the resultant acceleration of the head
and measured in terms of gravitational acceleration (g =
9.81 m/s2) and Δt = t2 − t1 is the duration of the impact
considered in calculating the resultant HIC. The two most
commonly used durations to evaluate the severity of injury
to the head are 36 ms and 15 ms. Throughout this study, the
36 ms duration only will be used.

The HIC standard is converted to a corresponding AIS
based on the following relation [70]:

p (head in jury) = φ

(
ln (H IC36) − μ

σ

)
(2)

where φ is the cumulative normal distribution, and μ is the
population mean, and σ is the standard deviation (Table 2).
These valueswere originally specified for a test dummyhead,
hence, they will only be used for comparison purposes. At
a particular HIC value, the probability of injury occurrence
differs between each of the AIS scores (Fig. 4).

3.3.2 The 3 ms Criterion

This criterion requires that the maximum mean value over a
3 ms duration of the resultant head acceleration is less than
a certain threshold when there is no hard contact (Fig. 5).
This criterion is used as part of the regulations pertaining
to the safety of occupants in vehicles and in helmet testing
[99].
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Fig. 4 The relationship between the head injury criterion (HIC) and
the probability of injury according to different abbreviated injury scales
(AIS) [70]

Fig. 5 Sample of the generated linear acceleration data demonstrating
the durations of both the head injury criterion (HIC) and the 3 ms cri-
terion. Also shown is the instance of peak linear acceleration that was
considered in the data analysis

The European National Car Assessment Protocol
(Euro NCAP) states that the thresholds for 3 ms criterion
for a child occupant should not exceed 60 g in case of frontal
impact and 60 g in case of side impact [33].

3.3.3 Peak Linear Acceleration

Peak linear acceleration has been used as one of the biome-
chanical measures for head impact to investigate its associa-
tionwith concussion events [41,94].A study investigating the

head impact exposure in youth football has reported linear
accelerations due to impacts anywhere in the range of 10 g to
111 g [117].While that study did not report the occurrence of
any concussions, it is believed that concussions could occur
within that range based on the reported football-related con-
cussions [8]. One study based on a finite element head model
validated from field collisions has estimated a probability of
mild TBI to be 25%, 50%, and 80% corresponding to max-
imum accelerations of 66 g, 82 g and 106 g, respectively
[119]. One study has reported the occurrence of a concus-
sive event at a relatively low linear acceleration value of 31.8
g [80]. Some of these studies did not report the duration of
impacts while others reported impact durations of 30 ms or
less.

3.3.4 Impact Forces

The HIC severity index is not enough for the assessment
of head safety, especially for what concerns any potential
damage to the skull and brain injury [111]. Contact force
is another indicator to predict the fracture tolerance of the
human bone structure. There have been many studies con-
ducted on the heads of cadavers tomeasure the fracture forces
of the skull. The experiments conducted were either by drop-
ping the heads from different heights or impacting the head
with an impactor at various velocities.A summaryof the stud-
ies conducted on facial fracture (i.e. maxilla, zygoma, frontal
bone, nasal bone, and mandible) revealed peak force toler-
ances anywhere in the range of 610–9,880 N [9]. An injury
risk function with comparable consistency to facial fracture
data has been proposed based onWeibull distribution [9,27].
The aim is to identify forces at which facial fracture starts
for an impactor that has an area of 13.8 cm2. The function is
defined as:

Pf racture (F) = 1− exp

[
−

(
F

B

)α]
(3)

where α = 2.27 is the Weibull shape parameter, and B =
887.7 N is the Weibull scale parameter, and F is the impact
force. According to this function, a force of 755 N would
have 50% chance of fracture (Fig. 6).

3.3.5 Tissue Injuries

Tissue injuries resulting from impacts with objects could
take on different forms, such as skin tears, lacerations and
abrasions. The magnitude and the depth of the resultant
injury depends on the geometry of impactors or penetrators
and their dimensions [101]. Classification by depth is often
used as an indicator for wounds and tissue injuries [106].
According to this classification, tissue injuries could either be
superficial wounds, partial-thickness, full-thickness or sub-
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Fig. 6 Injury risk function for facial fractures (i.e. maxilla and zygoma)
[9,27]. Dashed red line represents a facial fracture probability of 50%
corresponding to a force value of 755 N

cutaneous skin loss (Table 3). This classification will be used
as a reference and indicator for the possible tissue injury in
our study.

4 Materials andMethods

4.1 Dummy Head Development

A3Dprinted headmadeof polylactide (PLA)was augmented
with clay to reach a weight of 3.1 kg that is comparable
to the weight of a scaled 50th percentile of 3–6 years old
children’s dummy heads [105]. A 2 mm layer of deformable
soft material made of silicone (Ecoflex OO-30, Smooth-On,
USA)was added to the dummy head to addmore lifelike skin
[18]. This silicone layer will be used in estimating potential
tissue injuries due to its close Shore hardness value to that
of the human skin [86]. The developed setup focuses on the
dynamics of the head only because for short impact durations,
the effects of the neck and bodymass on the head are believed
to be minimum [112].

A low-cost triple-axis accelerometer (ADXL 377, Spark-
Fun Electronics, Colorado, USA) was placed at the center
of the head to measure the linear acceleration of the head.

Fig. 7 The developed low-cost 3D printed head with the embedded
sensors

A force-sensing resistor (FlexiForce Force Sensor, Tekscan
Inc, USA)was placed at the center of the forehead tomeasure
the impact forces (Fig. 7). The force sensor was calibrated
according to the manufacturer’s guide. A small puck (i.e.
disk-like force concentrator) was placed at the center of the
sensing area to ensure that most of the forces applied can be
detected. In case the embedded sensor failed to properly reg-
ister some of the impacts, a digital force gauge (FGE-100X,
Shimpo Instruments, USA)was used in separate experiments
to measure the impact forces by attaching it to the top of
the head, thus increasing the total weight of the head to
3.5 kg.

4.2 Experimental Setup

The experimental setup was based on a low-cost head model
situated in a dedicated frame (Fig. 8). The dimensions of
the frame were (94.0 × 94.0 × 94.0 cm3). Nylon coated

Table 3 Classification of tissue injury based on depth [106]

Classification Affected skin layer Depth

Superficial Only the epidermis < 1 mm

Partial-thickness The epidermis and into the dermis 1–4 mm

Full-thickness Through the epidermis and the dermis into the subcutaneous tissue > 4 mm

Subcutaneous Extends into and beyond the subcutaneous tissue > 4 mm

123



262 International Journal of Social Robotics (2019) 11:255–270

Fig. 8 The experimental setup used in this study

wire ropes were used to position the head at the center of
the frame. Both sensors (i.e. accelerometer and force) were
interfaced to a computer through a data acquisition card (PCI-
6031E, National Instrument, USA). The sampling rate was
20 kHz and the signals were filtered according to the Channel
Frequency Class 60 [104].

4.3 Impactor

To represent a small social robot, a 3D model with min-
imum features was designed and then fabricated using a
3D printer (Replicator 5th Generation, MakerBot Industries,
USA; Fig. 9). The dimensions of the impactor are around
18.0×8.0×17.0 cm3 and weighs around 0.55 kg. The sur-
face roughness of the printed robot model was limited to the
resolution of the 3D printer.

While there are many large social robots, the smaller ones
are more affordable and are more suited for typical home
users. The advancement in technology is allowing smaller
robots to be more compact and intelligent. Hence, the size
and mass of the proposed dummy robot falls according to
such projections. Furthermore, the proposed parameters are
within the potential range for throwing objects by the target
users.

Fig. 9 The impactor representing a small social robot that has been
used in the experiments. a Perspective view. b Side view

Fig. 10 Experiments that were conducted in this study. a Validation
experiment with the 2 kg impactor. b Harm quantification experiment
with the dummy robot

4.4 Procedures

4.4.1 Setup Validation

To verify the reliability of the developed setup in report-
ing the comparable HIC values, six impact tests at different
velocities were conducted. The impactor used was a 2 kg
mass attached to a beam (Fig. 10a). The beam was attached
to the main frame of the setup and allowed for free motion
that enabled it to hit the frontal side of the head at various
velocities (see supplementarymaterial).All impact testswere
recorded and the correspondingHIC, 3ms criterion, peak lin-
ear acceleration, and impact velocities were calculated.

4.4.2 Harm Quantification

Two different experiments of 15 trials each were conducted.
Experiment 1 was in a more controlled condition as the
dummy robot was tied with a rope to the frame to freely
allow it to swing (Fig. 10b). Experiment 2 was in a more
comparable condition to the realistic scenario. That involved
the throwing of the dummy robot at various velocities from
a distance of 1 m away from the head model. The velocities
used were in the range of 2.5–8 m/s, which was within the
range of a previously reported throwing speeds of tennis balls
performed by children of different ages (i.e. 3–9 years) [96].
We believe that this range is reasonable and comparable to
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Fig. 11 Head injury criterion (HIC) values generated by the devel-
oped experimental setup due to different impact velocities with a 2 kg
impactor. The results were compared with similar impacts conducted
by different industrial robots

the throwing velocities that might be exerted by children on
the spectrum.

All experiments were recorded using a video camera
(FDR-X1000V, Sony, Japan) in slow-motion mode (240 fps,
720 pixels). All videos were analyzed using the open-source
video analysis software Tracker (v4.10.0, Douglas Brown,
Open Source Physics). A LabView (v2014, National Instru-
ment, USA) script was used to obtain the raw data from the
data acquisition card, processes it and then stores it in awork-
sheet file. The data were post-processed by a Matlab (v2015,
MathWorks, Massachusetts, USA) script that generates the
HIC, 3 ms criterion, and peak linear acceleration values.

5 Results

5.1 SetupValidation

To validate the head model setup, results were compared to
previous studies of a similar nature [44,45], where a low-cost
dummy head was developed and an impactor of a mass of
1 kg was used for validation. The impact tests were con-
ducted using robotic arms of different masses moving at
different velocities and their results were then compared to
that obtained with anthropomorphic test dummies (ATD).
Their setup was able to reproduce a comparable numerical
HIC values.

The generated HIC values from the validation impact tests
in our study were comparable to Haddadin et al’s previous
studies (Fig. 11). For example, impact at a velocity of around
1 m/s generated an HIC value in the range of 3–10. The trend

Fig. 12 The 3 ms criterion values generated due to different impact
velocities with a 2 kg impactor. The results were compared with similar
impacts conducted by an industrial robot

is also similar as the values of HIC obtained have increased
proportionally with the applied impact velocities. As for the
3 ms criterion, the values at around 1 m/s were in the range
of 8–16 (Fig. 12). The differences in the values obtained can
be attributed to the differences in the mass of the impactors
used (i.e. 2 kg vs 1 kg) and the mass of the developed
dummy heads (i.e. 3.1 kg vs 4.5 kg) [56,73].

5.2 HarmQuantificationMeasures

5.2.1 Head Injury Criterion (HIC)

In Experiment 1, there is a more consistent trend that as the
velocity of impact increases, the corresponding numerical
HICvalue increases (Fig. 13). The lowest recordedHICvalue
was 0.013 and it occurred at a velocity of 0.6 m/s while the
highest recorded HIC value was 8.568 corresponding to a
velocity of 5 m/s.

In Experiment 2, the overall trend is less consistent at
certain velocities as compared to Experiment 1, especially
around 4 m/s. However, there is an increase in the recorded
HIC values as the overall speed of throwing increases. The
lowest HIC value obtained was 0.114 corresponding to a
velocity of 3.9 m/s while the highest recorded HIC value
was 7.066 at a velocity of 7.48 m/s.

5.2.2 The 3 ms Criterion

In Experiment 1, the lowest recorded 3 ms value was 1.425
g and it occurred at a velocity of 0.6 m/s while the highest
recorded 3ms valuewas 21.476 g corresponding to a velocity
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Fig. 13 The corresponding head injury criterion (HIC) values for
impact experiments conducted in Experiment 1 and 2. Experiment 1
had the dummy robot attached to the experimental setup while Experi-
ment 2 had the experimenter conduct the throwing of the dummy robot.
The results were compared with the HIC values generated by an indus-
trial robot
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Fig. 14 The corresponding 3 ms criterion values for impact experi-
ments conducted in Experiment 1 and 2. Experiment 1 had the dummy
robot attached to the experimental setup while Experiment 2 had the
experimenter conduct the throwing of the dummy robot. The results
were compared to the 3 ms criterion thresholds for a child occupant
[33]

of 5 m/s (Fig. 14). The trend of the 3 ms values are linearly
increasing with the applied velocities.

In Experiment 2, the lowest 3 ms value obtained was 2.96
g corresponding to a velocity of 2.97 m/s while the high-
est recorded 3 ms value was 18 g at a velocity of 7.48 m/s
(Fig. 14). The trend is less consistent as compared to Exper-
iment 1 as evident around 4 m/s.

Fig. 15 The corresponding peak linear acceleration values for impact
experiments conducted in Experiment 1 and 2. Experiment 1 had the
dummy robot attached to the experimental setup while Experiment 2
had the experimenter conduct the throwing of the dummy robot. The
highlighted area represents the range of peak linear accelerations that
is associated with the occurrence of subconcussive events [93]

5.2.3 Peak Linear Acceleration

In Experiment 1, the lowest recorded peak linear acceleration
value was 1.5 g and it occurred at a velocity of 0.6 m/s while
the highest recorded peak value was 23 g corresponding to a
velocity of 5 m/s (Fig. 15). The peak acceleration values are
increasing linearly with the throwing velocity.

In Experiment 2, the lowest peak linear acceleration value
obtained was 3 g corresponding to a velocity of 2.97 m/s
while the highest value was 19 g at a velocity of 7.48 m/s
(Fig. 15). the trend is less consistent as compared to Experi-
ment 1, especially around 4 m/s.

5.2.4 Impact Forces

The embedded force sensor approach has failed in registering
some of the impacts or maximum values due to the lack of
sufficient contact between the dummy robot and the effective
area of the sensor. However, the maximum force recorded in
all of the experiments was 28 N at a velocity of 5.75 m/s.

In order to get a better understanding of the potential
impact forces involved, four separate experiments at different
velocities were conducted using a stand-alone force gauge.
These experiments were conducted similar to Experiment 1
(Fig. 10b). The lowest value was around 30.1 N correspond-
ing to a velocity of 0.75 m/s while the maximum value was
91.3 N at a velocity of 2.15 m/s. There is a trend and linear
relationship between the applied velocities and the measured
resultant peak force values (Fig. 16).
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Fig. 16 The corresponding impact force values for impact experiments
that were conducted using a stand-alone digital force gauge. The right
axis represents their corresponding probabilities of causing facial frac-
ture

Fig. 17 The observed tissue damage to the artificial skin. a Abrasions-
like skin damage of depth that is less than 1 mm. b Laceration-like skin
damage of depth that is equal or greater than 2 mm

5.2.5 Tissue Injuries

The evaluation of tissue injuries was based on the visual
inspection of the artificial skin. All observations were made
after conducting Experiment 1 and Experiment 2. In terms
of depth, the majority of the observed damage to the artifi-
cial skin were less than 1 mm (Fig. 17a). There were some
instances where the depth of the observed damage was more
than the thickness of the artificial skin (i.e. greater than 2
mm), which pierced the dummy head (Fig. 17b).

6 Discussion

For the HIC values to be meaningful, they need to be trans-
lated to a corresponding metric for potential injury based on
the AIS. From the reported equations in Sect. 3, the prob-
abilities of injury due to all impact tests conducted in both

Fig. 18 Surface areas of the dummy robot that hit the head. a Frontal
edge. b Chimney. c Back. d Side

Experiments 1 and 2 were negligible (i.e. close to 0%). Even
though all the estimated potential for injuries in our exper-
iments were low, there is still a potential for serious harm
based on the reported catastrophic injuries and fatalities that
occurred due to impacts with lighter objects (e.g. baseball)
among children [12,71]. While the HIC severity index is sig-
nificant in giving an estimation of the potential for head
injury, it is insufficient to estimate pain and assess tissue
injuries.

As for the 3 ms criterion, the maximum values obtained
for both sets indicate a low potential for harm. The highest
value for Experiment 1 is around 36% of the 3 ms criterion
impact limit (i.e. 60 g for frontal and side impacts). As for
Experiment 2, the corresponding percentage for the highest
3 ms value is around 30% for the 3 ms criterion impact limit
of 60 g.

The values for the peak linear accelerations for both exper-
iments were around 20 g, which were far from most of the
reported peak accelerations (e.g. 66–106 g) that are asso-
ciated with concussive events [119]. However, most of the
obtained peak acceleration values fall within the range (i.e.
6–46g) that is associatedwith subconcussive events (Fig. 15).
Furthermore, two peak linear acceleration values were at or
above the reported median value of 19 g that has been asso-
ciated with the occurrence of subconcussive impacts, where
the occurrence of which has been linked to neurocognitive
deficits [93]. More research needs to be done to understand
the biomechanical variables and its relation to causing con-
cussion or mild TBI among children.

For the HIC, 3 ms criterion, and peak linear acceleration
results, there was a noticeable disparity in Experiment 2 at
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Fig. 19 The sustained damage on the small robot after the completion
of the experiments

a velocity of around 4 m/s. For example, the range of HIC
values was from 0.114 to 2.834. This discrepancy can be
attributed to the surface or area of the dummy robot that hit
the head (e.g. chimney vs side) as observed from the analysis
of the recorded videos (Fig. 18). This implies that at higher
velocities, the harm level could even be larger depending on
the contact area.

The peak force values for all the experiments were trans-
lated to percentages corresponding to the potential of causing
fracture to the skull based on the previously stated relation
(Fig. 6). All the recorded peak forces have a low potential
to cause real harm to any of the facial bones. For example,
a peak value of 91.3 N (i.e. the maximum value obtained)
corresponds to around 0.6% chance of causing fracture to
the bones of the face. However, assuming the linear relation
holds true for higher velocities (Fig. 16), the chance for facial
fracture increases to 20% at a hypothetical throwing velocity
of 10 m/s for the same robot.

The depth of the observed artificial skin damage corre-
spond to the tissue injuries based on the classification listed
in Table 3. Most of the damage caused by the impacts con-
ducted in this study falls into the superficial category that
affects the epidermis layer, and they were in the form of
abrasions. There were few lacerations that are classified as
partial-thickness skin loss that would require medical care.
No instances of full-thickness (i.e. depth greater than 4 mm)
skin loss were observed.

The dummy robot sustained a considerable damage (Fig.
19). The damage was more apparent after performing Exper-
iment 2 (i.e. mimicking real throwing scenario). Some of
the lacerations on the artificial skin of the head could have
resulted from the newly formed sharp edges on the robot due
to the sustained damage from some of the initial impacts.
This implies that any robotic design should remain robust
and safe, especially after being subjected to similar impacts
and conditions. Superficial injury as an indicator for poten-
tial harm could be better than some of the typical severity
indices. A similar conclusion has been reached in studies
investigating the potential harm in industrial robots [43,44].

The investigations conducted in this study were limited
to a potential scenario that may happen between a child and
a social robot wherein a child throws a robot to the face of
another person. Quantifying harm was limited to the head.
Measurements of injury to the headwas limited to the existing
severity indices and to the available data from the litera-
tures. Thus, some aspects could not be measured, such as
pain levels. The tissue injury investigations were limited to
the artificial skin. Thus, the actual depth of lacerations on
in vivo tissues might differ. Finally, the study was limited to
small form factor impactor representing a small social robot.
Hence, the obtained results are only applicable to closely
comparable robots in terms of mass, design, material, and
size.

7 Conclusion

The motivation of this study was to investigate the potential
for harm due to the interaction between social robots and
children with ASD, especially during the manifestation of
challenging behaviors. Throwing, kicking, hitting, and self-
harming are some of the challenging behaviors that could
inflict some harm to the children themselves and to those
around them. Our investigation of harm due to the throwing
of a small social robot revealed that it could potentially cause
tissue injuries, subconcussive or concussive event in extreme
cases.

Social robots have gained a lot of attention in healthcare
generally, and specifically in therapy, due to the increased
number of studies reporting the efficacy of using such tech-
nology. Among children with ASD, social robots have been
reported to effectively help in the elicitation of some posi-
tive behaviors. This has been attributed to the fact that social
robots are simpler and are less complicated than humans. The
advancement in technology has enabled robots to be more
autonomous, intelligent and has opened new possibilities
for smaller social robotic forms exhibiting high interactivity.
While larger social robots can be used in therapeutic settings,
especially for training, the smaller form of social robots are
more affordable and suitable in home usage for continuous
monitoring. The introduction of a new tool, such as a social
robot, that is meant to evoke behaviors could pose as a new
source of harm to the children themselves or others.

Children on the spectrum lack the ability to properly com-
municate their needs [64,103]. Generalization of skills is
usually done with other children. Hence, being subjected to
pain due to impacts might affect any positive outcomes, and
potentially cause more challenging behaviors. Any source of
potential harm, pain or even annoyance must be kept to a
minimum or eliminated altogether.

More research needs to be done on investigating the poten-
tial for harm due to the different robotic forms and to search
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for means to mitigate them through hardware and software
approaches [63,65]. For small social robots, regulations from
standards that are concerned with the safety of toys can read-
ily be adopted. For example, ISO 8124-1:2014 is related to
the mechanical and physical properties of the safety aspects
of toys [61]. Another direction for safer social robots is the
adoption of some of the techniques and advances in soft
robotics [51],which couldpotentially allow the embeddingof
different biopolymer-based sensors [95]. New social robotic
safety standards for special needs children, such as children
with ASD, must be established to ensure their safety and to
take their needs into consideration.
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