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Abstract Service robotics has great potential for helping people to live inde-
pendent lives in their own homes. However, if this potential is to be fully exploited
in the near future, research and development cannot limit itself to solving the
technological challenges involved. The only way to develop service robots that
people will accept is to get potential users involved in the process as early as
possible. With that in mind, this study investigates human-robot interaction from
the perspective of a service robot approaching the user at varying speeds. We
developed an empirical study to measure the distance that humans will accept
between themselves and a robot when approached by that robot. The results show
that the robot’s speed and the test subject’s body position significantly affect the
accepted distance. We also found that the physical appearance of humanoid ser-
vice robots has no substantial bearing on the accepted distance.
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1 Introduction

While the use of robots is accepted practice in many areas of industry today,
service robotics still has many problems to overcome. To date, the spectrum of
tasks performed by service robots has been limited to providing simple services.
Current research (e.g. ARMAR, Care-O-bot� 3, DESIRE, Justin and RIBA),
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however, is developing and testing ways of having robots perform complex tasks.
These projects are increasingly focusing on health and nursing care. In domestic
settings, mobile service robots have great potential for helping people live inde-
pendent lives in their own homes for longer. This might include transferring
physically strenuous activities to the robot, or using the robot to compensate for
existing impairments in the user’s mobility.

Unlike industrial robotics, service robotics is oriented towards humans. It is
therefore important to know as much as possible about what potential users want
from the technology, and to pay sufficient attention to these needs when devel-
oping the systems. Developers must take account of user requirements concerning,
for example, the kind of human-robot interaction that necessarily occurs when
using a robot. In an industrial setting, humans and robots often work in separate
areas. But this is often impossible for the kinds of tasks a service robot carries out.
To perform their tasks, service robots move around freely within their user’s living
space. As a result, the design of human-robot interaction plays a decisive role in
whether or not users accept the technology.

One of the first steps in human interaction with server robots is the user seeing
the machine and identifying it as a robot. Next, the user will apply their own
mental models to produce expectations about the robot’s function and behaviour.
The way that these first steps unfold depends largely on the physical appearance of
the robot.

Robot designs are generally classified according to how much they resemble a
human. The two ends of the spectrum are ‘‘machine-like’’ and ‘‘human-like’’. The
‘‘uncanny valley’’, a qualitative model often used in the design of service robots,
describes familiarity as a function of the degree of human-likeness in relation to
movement or lack of movement [1]. Because a causal relationship exists between
familiarity and acceptance, the literature often speaks specifically about how a
robot’s appearance or behaviour affects whether or not a user accepts it [2]. A
recognised goal in robot development is to positively influence acceptance by
producing an anthropomorphic appearance [3]. However, anthropomorphism does
not always benefit acceptance—it can actually confuse users [4]. A robot’s
appearance can therefore affect acceptance or familiarity to differing degrees.

Alongside appearance, behaviour is also important when it comes to developing
effective robots [5]. According to the ‘‘uncanny valley’’ model, these are the two
main factors influencing familiarity. Depending on how human-like it is, a mobile
robot can produce a much higher or lower level of familiarity than a stationary
robot [1]. With regard to acceptance, robot behaviour is considered more important
than key physical aspects (e.g. its size and design) and more important than its
ability to produce facial expressions and gestures [4].

If a person likes a robot’s overall appearance but rejects its behaviour, this can
result in a certain level of disappointment [6]. Unlike robot appearance, the field
has yet to succeed in producing authentic anthropomorphic robot behaviour (e.g.
gestures, facial expressions and motor functions). A robot that closely resembles a
human will thus disappoint users when they interact with it, since its behaviour
does not back up the expectations that its appearance creates. To avoid this kind of
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disappointment in the following empirical study, we deliberately chose a robot that
did not look human.

For service robots to be able to perform their tasks satisfactorily, they must
interact with humans in the same space.

With this in mind, Walters et al. investigated the distance that people consid-
ered comfortable to maintain when approaching a stationary robot to interact with
it [7].

Irrespective of that distance, service robots must be able to come within reach
of humans when performing fetch-and-carry tasks. These are especially important
for people with limited mobility. As a result, the way in which a robot approaches
a person is a crucial factor to consider when designing human-robot interaction.
The following section will present the current state of scientific knowledge on the
effects of various robot-human approaches, and will use this information to
develop research questions and relevant hypotheses.

Our aim was to develop and carry out an empirical study investigating the
factors that influence the distance that people will accept between themselves and
a service robot approaching them.

2 Current State of Scientific Knowledge

A further study by Walters et al. shows that about 40 % of subjects tolerated
shorter distances between themselves and an approaching robot than they did
between themselves and another person (human–human interaction) [8]. We can
therefore assume that these subjects did not perceive the robot as a social being [8].
This finding shows that it is important to consider a robot’s appearance when
setting the distance at which humans and robots will interact. Another study, this
time by MacDorman, showed that the degree of human-likeness affects how eerie
or familiar a person considers a robot to be [9].

In the study’s conclusion, however, MacDorman says that the perceived
human-likeness is not the only factor affecting how eerie or familiar a person finds
the robot [9]. Therefore, in what follows, we will present other factors that might
influence the accepted distance.

The study by Walters et al. measured the spatial distance at which 28 test
subjects of varying ages became uneasy in the presence of an approaching, non-
humanoid robot [8]. However, the distance sensor stopped the robot automatically
when it was 0.5 m away from the subject. This means that the study was unable to
investigate the human response to the robot at close range. If we compare the
results of this study with those produced by humans approaching a stationary
robot, we find that there are differences in the distances measured. Mizoguchi et al.
investigated different speeds of approach and found that the faster the robot
approached the person, the larger the acceptable distance was [2]. They also found
that when the robot approached at the same average speed but with different speed
profiles, it affected the level of familiarity that subjects felt towards the robot [2].
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The appearance and speed of a robot affect user acceptance. It is therefore
important that even at the stage of developing the technology for service robots,
sufficient consideration is given to the design of their appearance and behaviour.
The standard DIN EN ISO 9421-210 describes a process for designing usable
interactive systems. It recommends taking the intended use as the starting point for
developing these kinds of systems, and to pay attention to it throughout the entire
process. In ambient assisted living situations, a variety of scenarios exist in which
service robots could conceivably help humans. In these scenarios, the user might
be standing, sitting or lying down. Different body positions alter people’s per-
ceptions. For example, if the angle of the head changes, it can cause a person’s
subjective judgement of the vertical to deviate from the objective situation [10].
The position of the body also affects the time needed to get out of the way of an
approaching robot. If a person is lying down, it will take more time and effort to
move out of the robot’s path than it would if they were standing up. This influence
on the distance that a person will accept between themselves and an approaching
robot can be described as perceived safety. Developing safety mechanisms to
protect humans from harm is an important issue in the field of human-robot
interaction as a whole [11–13]. It has also been shown that robot behaviour affects
the way in which users perceive safety [14].

Furthermore, it makes sense to consider that age might affect a user’s ability to
interact with technological systems. Numerous effects of this nature have been
found to apply to computers. The effects can be the result of age-related changes in
physical and mental abilities [15]. Well-known factors include a person’s attitude
to technology [16], their knowledge and experience of technological systems [17],
and their technology-related self-efficacy [18]. The interaction of these elements is
underpinned by the individual’s overall affinity for handling electronic devices
[19]. A final hypothesis will therefore address how age affects the accepted dis-
tance between human and robot.

To summarise, research in the field of human-robot interaction relating to robot
approaching human should focus on the following:

• Influence of different, non-anthropomorphic physical appearances of robots
• Influence of different speeds and speed profiles
• Influence of the intended use on interaction with the robot

Past studies were carried out as Wizard of Oz experiments, which could have
had a non-quantifiable impact on the results. The investigator stopped the robot
when the subject expressed that wish. The distances measured in this way do not
reflect the actual accepted distances, which is why we optimised the methodology
for our study. Further, existing studies have mostly been unable to investigate
human-robot distances of less than 0.5 m, even though the robot must enter this
space if it is to come within reach of the person.
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3 Acceptance

In this context, acceptance means the active willingness of the person in question
to make use of a state of affairs that they perceive to be new. This state of affairs,
or innovation, includes complete services, ideas, products and processes—as well
as specific characteristics (e.g. design, quality, interfaces and behaviours). The
decision on whether or not to accept a given innovation can vary depending on
who is judging the situation. The crucial factor here is how the person processes
information [20], as this helps them compare their expectations with the way
specific characteristics actually appear. Decisions on whether or not to accept
individual characteristics culminate in an overall decision on whether or not to
accept the innovation. This means that changing a single characteristic can affect
overall acceptance. And because the expectations that a person has of the inno-
vation can change over time, these too can affect overall acceptance [21]. Most of
the changes can be represented by the different phases of acceptance [22]. These
phases are divided into: motivation, awareness, first contact, and use. If, for
example, a person in the awareness phase sees a very human-like robot, they will
have significantly higher expectations of witnessing anthropomorphic behaviour in
the subsequent phases (cf. Sect. 1).

For developers to design the characteristics of an innovation in such a way as to
ensure optimal acceptance, they must be aware of the factors that determine
acceptance. Depending on the innovation in focus, the literature discusses a variety
of influences that can affect acceptance [23–25]. Overall, the terms (perceived)
usefulness and (perceived) ease of use are posited as the primary factors that
determine acceptance.

The test subjects in the following study assumed the role of a user of a service
robot. We selected subjects who had no experience with the service robot in
question, and little experience with robots in general. This meant that the empirical
study covered the phases of motivation, awareness and first contact.

4 Methodology

Our empirical study investigated, for a number of variables, the distance that
subjects would accept between themselves and an approaching robot. We used the
Care-O-bot� 3 (Fig. 1), a service robot that performs tasks which require it to
interact with humans. It can fetch and carry household items and drinks, lay the
table, and open drawers and doors. The Care-O-bot� 3 is not humanoid—its
design deliberately avoids human attributes. The robot’s functions are split
between the front and back. The ‘‘working side’’ faces away from the user and
houses all the technical components (e.g. its manipulator) that cannot be covered.
The ‘‘serving side’’, which has no visible technical components, is where the
human–machine interaction happens. This side has a fold-away tray, which
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functions as the main interface between the user and the robot. In addition to
transporting objects, the tray also has an integrated touchscreen which is used for
inputting and outputting information. The Care-O-bot� 3 is approximately 1.45 m
tall and occupies a 0.6 m diameter floor space [26].

4.1 Task and Test Subjects

To carry out the task, subjects were given a button which they could use to stop the
robot. The subjects held the button in both hands as the robot approached them.
They were asked to press the button as soon as they felt that the distance between
themselves and the robot was unacceptable.

Thirty test subjects aged between 20 and 75 (�x : 43:33a; SD:19:01a) took part in
the empirical study. The participants, 17 women and 13 men, were divided into
three age groups. AG1 had 15 subjects between 20 and 39, AG2 had eight subjects
between 40 and 59, and AG3 had seven subjects between 60 and 75. Asked to state
their highest educational qualification, 13 subjects said that they held university
degrees, while 11 said it was their Abitur (university entrance examination taken at
German secondary schools). Two held doctorates, and two had completed an
apprenticeship. Two other subjects said that their highest qualification was the
Mittlere Reife (roughly equivalent to GCSEs in the UK or a high-school diploma in
the US) and, respectively, a qualification from the Handelsschule (vocational

working side with
folded away tray

working side with
unfolded tray

serving side with
folded away tray

Fig. 1 Three views of the Care-O-bot� 3
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business high school). Eleven subjects said that they work in the field of tech-
nology or science. Ten subjects said that they work or used to work in the field of
social studies or the humanities. Nine said that they work or used to work in
business or administration.

4.2 Independent and Dependent Variables

The following independent variables were considered as within-subject factors: the
robot’s appearance (e), the robot’s speed (v), the subject’s body position (k) and
the robot’s task (a). The age group, also an independent variable, was considered
as a between-subject factor.

The distance that the subjects accepted between themselves and the
approaching robot was measured as a dependent variable.

4.2.1 Robot Appearance

The front and back of the robot look different and serve different purposes. To see how
each side influences the user, the investigators had the robot approach the subjects
with each side showing in turn. As Fig. 2 demonstrates, neither side is humanoid in
appearance. One side is more aesthetic, while the other looks more technical.

4.2.2 Robot Speed

Section 2, which dealt with the current state of scientific knowledge, discussed
how the speed and speed profile affect the distance that subjects are willing to
accept between themselves and the robot. Therefore, it seemed sensible and

e1 = working side e2 = serving side

Fig. 2 Factor levels in the
robot’s appearance
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necessary to consider both of these variables. With this in mind, we carried out the
empirical study with three constant speeds and two speed profiles.

The robot’s top speed is 0.75 m/s. DIN EN ISO 10218-1 considers 0.25 m/s to
be a safe speed if the robot is making hazardous movements. At the moment, this
standard only applies to industrial robots. But DIN EN ISO 13482, which is
currently being drafted, will expand it to apply to non-industrial, non-medical
household and assistive robots. We therefore used 0.25 m/s as the minimum speed
for our service robot. The third constant speed (0.5 m/s) is the mean of the
maximum and minimum speeds. The robot’s maximum acceleration is 0.8 m/s2.
This means that it covers:

• 0.04 m to accelerate to 0.25 m/s
• 0.16 m to accelerate to 0.5 m/s
• 0.35 m to accelerate to 0.75 m/s

At all three of these speeds, which are shown in Fig. 3, the robot travels in a
uniform motion.

We used the two speed profiles to investigate whether subjects would accept
less distance between themselves and the robot when it had a non-uniform motion
than they would when it moved in a uniform way, where the average speed was the
same in both cases. To make it theoretically possible to reduce the accepted
distance, we developed the speed profiles so that the robot travelled at a higher
speed when it was further away from the subject and at a lower speed when it got
closer. We achieved this by reducing the robot’s speed as it approached the sub-
jects. The difference between the two speed profiles was based on the following
considerations. One profile was smooth so that it would protect the technical
components in the drivetrain (e.g. electric motors and fan belts) and thereby extend
the robot’s lifetime or make it possible to produce relatively cheap drivetrain parts
for service robots in the future. The other profile was graduated so that the subjects
could clearly see that the robot was slowing down. Both profiles had an average
speed of 0.5 m/s. This meant we could compare the results with those for the
constant speed of 0.5 m/s.
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Fig. 3 v-s graph of the three constant speeds
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For both profiles the robot’s maximum acceleration was 0.8 m/s2. At the start,
the robot accelerated to the maximum 0.75 m/s. It covers about 0.35 m before it
reaches that speed. We calculated the speed profiles for the remaining distance to
the subject. In the smooth profile, the robot decelerated evenly from 0.75 to
0.25 m/s. The graduated profile involved three equal stages of motion at speeds of
0.25, 0.5 and 0.75 m/s. Between these, there were two downward ‘‘ramps’’ where
the robot decelerated at 0.8 m/s2. Figure 4 shows the two speed profiles.

The five factor levels of the independent variable speed are described as
follows:

• Speed v1 = 0.25 m/s
• Speed v2 = 0.5 m/s
• Speed v3 = 0.75 m/s
• Speed profile v4 = smooth
• Speed profile v5 = graduated

4.2.3 Body Position of the Test Subjects

With regard to an ambient assisted living environment we considered the positions
standing, sitting and lying (Fig. 5) to be best-suited to testing the most common
scenarios in which a service robot would support its user.

4.3 Procedure

We conducted the empirical study in four stages:

• Preliminary interview
• Introduction
• Distance measurement
• Concluding interview
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Fig. 4 v-s graph of the two speed profiles
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The preliminary interview, which we conducted before introducing the robot,
established the subjects’ demographic details, their experience with robots and
their affinity for technology [21].

During the introduction stage, the subjects were allowed to inspect the robot. In
a structured interview, the subjects discussed how they felt about the robot and
were encouraged to think about how it works. At the end of the introduction stage,
the test subjects had all received the same information on how the robot works and
on the tasks it performs.

During the distance measurement stage, we recorded the extent to which the
independent variables affected the distance that the subjects would accept between
themselves and the approaching robot. The subjects were positioned—either
standing, sitting or lying—so that each of them began the test at the same distance
from the robot’s starting position. As shown in Fig. 6, a desk for two investigators
was set up to the left of the test subject. One investigator was tasked with starting
the robot and recording the distances. The other investigator was responsible for
safety during the test.

The safety plan consisted of three separate levels. First, the speeds and speed
profiles were programmed in such a way that the robot would automatically stop as
soon as it got within 0.1 m of the test subject. Second, a distance sensor would stop
the robot if it got closer than 0.1 m to the subject. Third, the investigator
responsible for safety could use an emergency stop button to abort the test man-
ually. The robot began approaching each of the subjects from five metres away.
The subject pressed a button to stop the robot when they felt it got too close.
The distances recorded reflect the shortest distance that the subjects accepted

standing sitting lying

Fig. 5 Factor levels of the body positions adopted by test subjects
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between themselves and the robot. The distances were measured via the robot’s
sensors, which have an overall accuracy of ±0.02 m. The independent variables
were altered one by one during the course of the experiment. To avoid knock-on
effects, the changes were made according to a Latin square design. Thus, the two
factor levels for the robot’s appearance, five for its speed and three for the sub-
ject’s position gave a total of 30 different approaches. The robot carried these out
with the tray folded away.

In the concluding interview, subjects answered questions about their impres-
sions of the robot and, again, about their affinity for technology [21]. They also
evaluated the speeds and speed profiles.

4.4 Hypotheses

Based on research into the current state of scientific knowledge, we posit the
following hypotheses:

H1: The robot’s appearance significantly affects the distance that the subject will
accept between themselves and the robot.
H2: The robot’s speed significantly affects the distance that the subject will accept
between themselves and the robot.
H3: The subject’s body position significantly affects the distance that the subject
will accept between themselves and the robot.
H4: The subject’s age group significantly affects the distance that the subject will
accept between themselves and the robot.

Fig. 6 Test set-up for distance measurement
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4.5 Accounting for Age-Related Differences
in the Measured Distances

The sensors on the Care-O-bot� 3 allowed the investigators to record the distances
at the point in time when the subjects pressed the button. But this does not
precisely reflect the actual distance that they accept, as it takes a little time for
them to react and press the button. Reaction time is the time it takes a person to
react to a given stimulus. A stimulus can come in a variety of forms and can target
different receptors or senses. In the case of our study, a visual stimulus (distance)
triggered a motor response (pressing the button). The reference value for the
average reaction time for a motor response triggered by a visual stimulus is 220 ms
[27]. However, because reaction times change throughout a person’s life and
because this study included people of different ages, we considered the reaction
times differently depending on age. Following Haas [28], we recorded the reaction
time for each person based on their age and gender. The distance that the robot
covered within that time (sreaction) was calculated for each subject at each speed
and then subtracted from the distance measured for a given approach. Table 1
shows some examples of the distance travelled in the reaction time.

Therefore, the effects of age on human performance, which primarily concern
reaction time in this empirical study, do not affect the dependent variable because
this was accounted for in the distances measured.

5 Results

The results from the distance measurement stage are presented separately to those
from the preliminary and concluding interviews.

Table 1 Influence of reaction time (treaction) on the distance travelled by the robot during this
time (sreaction) as a function of the subject’s age (A) and gender (G), and of the robot’s speed

A G v (m/s) treaction

(s)
sreaction

(m)

20 Female 0.25 0.203 0.051
20 Female 0.75 0.203 0.152
20 Male 0.25 0.170 0.043
20 Male 0.75 0.170 0.128
75 Female 0.25 0.305 0.076
75 Female 0.75 0.305 0.229
75 Male 0.25 0.285 0.071
75 Male 0.75 0.285 0.214
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5.1 Accepted Distance Between Human and Robot

The three null hypotheses (H01, H02 und H03) were checked using a multifactor
analysis of variance with repeated measurements, as the subjects were tested
multiple times in the various factor levels. The null hypothesis was rejected at a
significance level of a = 0.05. We investigated the influence of the three factors
appearance (e), speed (v) and body position (k).

All the requirements for a multifactor analysis of variance were fulfilled, with
the exception of sphericity [29]. Mauchly’s sphericity test found that only the
factor concerning body position fulfilled the sphericity requirement. For the other
factors, we used the Greenhouse-Geisser correction to degrees of freedom. Table 2
shows the results of the multifactor analysis of variance. There were no significant
interactions between appearance (e), speed (v) and body position (k).

The analysis shows that the appearance factor (i.e. whether the robot approa-
ched the subject with its serving side or working side showing) had no significant
influence on the distance (F(1.29) = 0.197, p = 0.660, gp

2 = 0.007). This means
that we cannot reject null hypothesis H01.

The results for the factor speed (F(2.077; 60.235) = 237.175, p \ 0.001,
gp

2 = 0.891) show that the speed significantly affected the distance that the sub-
jects would accept between themselves and the robot. Thus, we can reject null
hypothesis H02 and adopt the alternative hypothesis H2. The post hoc tests with a
Bonferroni correction show that all the speeds, except v1 and v4, differed signif-
icantly (p \ 0.001). Speed v1 (�x ¼ 0:821) and speed profile v4 (�x ¼ 0:830) pro-
duced near-identical mean distances. The mean distance of speed profile v5

(�x ¼ 0:71) is actually significantly (p \ 0.001) shorter than the mean distance of

Table 2 Results of the three-factor analysis of variance with repeated measurements for the
distance that subjects will accept between themselves and the approaching service robot

Source Sum
sq.

df F p gp
2

e 0.18 1 0.197 0.660 0.007
Error: 2.599 29
v 31.287 2.077 237.17 \0.001 0.891
Error: 3.826 60.235
k 9.845 2 13.665 \0.001 0.320
Error: 20.894 50.431
e * v 0.023 2.759 0.399 0.737 0.014
Error: 1.695 80.025
e * k 0.016 1.467 0.145 0.799 0.005
Error: 3.270 42.551
v * k 0.202 5.281 1.854 0.102 0.060
Error: 3.158 153.16
e * v * k 0.049 4.529 0.482 0.772 0.016
Error: 2.942 131.355
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the slowest constant speed, v1 (�x ¼ 0:821). On average, the slower the robot
approached, the closer the subjects allowed it to get to them. However, the robot
got closest to the subjects when it approached using speed profile v5.

The analysis also shows that the subject’s body position significantly
(F(2.58) = 13.665, p \ 0.001, gp

2 = 0.320) affects the distance they will accept
between themselves and the approaching robot. Thus, we can reject null hypoth-
esis H03 and adopt the alternative hypothesis H3. In the post hoc tests with a
Bonferroni correction, the mean distances between standing and sitting, and
between sitting and lying differed significantly. No significant difference existed
between standing and lying. Figure 7 shows the mean distances as a function of
the two significant effects.

The analysis also included the between-subject factor of age group. The different
age groups were found to have no significant (F(2.27) = 0.700, p = 0.505) influ-
ence on the distance accepted. This means that we cannot reject null hypothesis H04.

5.2 Preliminary and Concluding Interviews

All 30 subjects had already heard, read or seen something about robots. Most of
them mentioned robots that have appeared in films (e.g. R2D2 and Transformers),
industrial robots (e.g. those used in automotive factories) and domestic robots (e.g.
for vacuum cleaning). Two of the subjects had personal experience of robots
through contact to the field of industrial robotics. None of the subjects had ever
heard of the Care-O-bot� 3. Thus, in terms of acceptance of the Care-O-bot� 3, all
30 subjects were in the awareness and first-contact stages at the beginning of the
empirical study.

The study recorded the subjects’ affinity for technology in terms of a person-
ality trait [21] before and after the test. The subjects were asked to rate 19
statements using a five-point Likert scale, ranging from 1 (strongly agree) to 5
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(strongly disagree). The subjects’ affinity for technology in the preliminary
interview (�x ¼ 2:56; SD ¼ 0:39) hardly differed from the results recorded in the
concluding interview (�x ¼ 2:54; SD ¼ 0:41).

In the concluding interview, the same Likert scale was used to rate the subjects’
statements as had been used for the initial assessment of their affinity for tech-
nology. The responses produced the following results:

• The statement ‘‘I had a positive impression of the appearance of the Care-O-
bot� 3’’ had an average rating of �x ¼ 2:30 and a standard deviation of
SD = 1.02.

• The statement ‘‘The Care-O-bot� 3 did not look dangerous’’ had an average
rating of �x ¼ 1:73 and a standard deviation of SD = 0.83.

• The statement ‘‘I think it is important that a robot has different sides for different
functions, and that these sides do not look the same’’ had an average rating of
�x ¼ 3:01 and a standard deviation of SD = 1.41.

The subjects were divided on how they felt about the appearance of the Care-O-
bot� 3, though the results do show a slight positive tendency. It was very clear that
the Care-O-bot� 3 did not look dangerous to the subjects, as on average they gave
it a rating of at least 2 (agree). Subjects were divided on whether or not they felt
that distinct-looking sides for different functions were important. It is therefore not
possible to draw a conclusion on this point.

In the concluding interview, subjects were asked to say which of the speeds and
speed profiles they preferred. Of the 30 subjects, 86.7 % said they preferred the
speed profiles v4 and v5 (where the robot slowed down as it approached) to the
three constant speeds v1, v2 and v3. The results on which profile the subjects
preferred were quite evenly split: 53.3 % voted for speed profile v4 (smooth
deceleration), and 46.7 % voted for speed profile v5 (graduated deceleration).
Results for the constant speeds v1, v2 and v3 showed that 77.7 % preferred v2,
13.3 % preferred v1, and 10 % preferred v3.

6 Summary and Outlook

The results of the empirical study on the robot can provide guidance for designing
robot behaviour (H2) and appearance (H1) with respect to the minimum distance
that humans will accept between themselves and a robot. The different body
positions that the subjects adopted during the test (H3) covered the different
contexts in which a person would use the robot. These results also provide
guidance for robot design.

The study found that the constant speed level significantly influenced the dis-
tance that the subject would accept between themselves and an approaching robot.
The results show that the slower the robot travelled, the closer the subjects allowed
it to come. Therefore, if a service robot can only (e.g. for technical reasons) move
at constant speeds, it should travel as slowly as possible when around people. But
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in situations where the robot is working at a reasonable distance from humans, it
can move faster to increase its efficiency.

It is possible to reduce the distance that people will accept between themselves
and the robot, without slowing the average speed, by using speed profiles where
the robot decelerates as it approaches. The study showed that the smooth decel-
eration profile (v4) was associated with a significantly shorter distance than the
constant speed v2, even though the average speed was the same in both cases. The
graduated deceleration profile (v5) reduced the distance even further than the
smooth deceleration profile (v4). It therefore makes sense to use a graduated profile
in cases where the robot has to get very close to the user. The subjective rating of
the two speed profiles in the concluding interview shows no clear preference
among the subjects for one profile over the other. Therefore, the design guidance
only takes the objective measurements into account.

The study found that the robot’s appearance had no significant influence on the
accepted distance. Going to great lengths to change the appearance of a non-
humanoid service robot so that things like technical components and manipulators
are no longer visible will therefore do nothing to encourage users to let the robot
come closer.

The subjects’ body position significantly influenced the distance they were
willing to accept. The results suggest that, contrary to what might be expected, the
influence is not linked to the time needed to potentially move out of the robot’s
path. If it was, then the robot would have got closest when the subjects were
standing, with sitting and lying coming in second and third respectively. It is more
likely that the influence is related to the size of the image formed on the retina. The
size of the retinal image of a real object changes depending on the viewing angle
and distance. The results indicate that this affects the accepted distance. Subjects
allowed the robot to come closest when they were seated, which is the position
where the image on the retina is smallest. The image is slightly bigger when a
person is standing, and subjects kept the robot further away here than when sitting.
The furthest distances were recorded for lying down, when the image is at its
largest. Subsequent studies should therefore investigate a possible correlation
between the image formed on the retina and the distance people will accept
between themselves and the robot in order to understand why body position is an
influencing factor.

The study found that age did not affect distance. It therefore appears unnec-
essary to develop separate robot behaviours or appearances for different age
groups. However, it should be noted that the test subjects were highly homogenous
in terms of their experience of robots and their affinity for technology. The study
was unable to establish what effect their prior knowledge and associated mental
models had on the outcomes. It is therefore inadvisable to generalise the results
beyond the sample tested.

With regard to the methodology used, the study achieved a high degree of
validity and objectivity thanks to the consistent study design and the permutation
of the factor levels. The distances shown in this study are, unlike the findings of
other studies, the actual distances that the subjects accepted. This is because we
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recorded individual reaction times, measured how far the robot travelled in that
time and then subtracted that value from the distances measured. By taking
account of age—and gender-related reaction times like this, we ensured that the
results were not skewed by the way aging affects the speed at which the subjects
pressed the button. The fact that the test used a fully functional robot, and was thus
not a Wizard-of-Oz experiment, further enhances the generalisability of the data
and makes the study stand out from many experiments conducted in the past.
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