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ABSTRACT
All robots create sound, but much remains unknown about how
sound impacts human-robot interaction. In this paper, we aim to
determine whether auditory properties—loudness and pitch—of ro-
bot sound have a significant impact on human perception of robots.
Participants (𝑁 = 89) completed an online survey in which they
observed recordings of robots with four different sound profiles.
Results indicated that participants perceived quieter and higher-
pitched robots as more competent and less discomforting, with
silent robots being perceived as the most competent and least dis-
comforting. These results confirm that sound characteristics can
impact how participants perceive robotic systems.

1 INTRODUCTION
Robots, like all machines, produce consequential sound: sound cre-
ated by mechanisms as a byproduct of their functioning [8]. While
product sound design often focuses on reducing or eliminating
consequential sound, prior work has shown a more nuanced ap-
proach to manipulating consequential sound can yield benefits. For
example, in vacuums, loudness helps to project power; or when
closing a car door, the solidness of the sound helps to mark the
car’s quality [10]. Similarly, prior work in human-robot interaction
(HRI) has shown that robot sound has diverse effects on human per-
ception and communication. Poorly designed sounds have impeded
interactions with robot companions [7], reduced the usability of
prosthetics [3], and even inhibited robot use [14]. On the positive
side, adding robot sound improved localization and noticeability
in cooperation tasks [4] and masked negative perceptions due to
the original robot sound [18]. Given the potential of robot sound to
produce both positive and negative effects on end users, the present
work aims to better understand how people perceive robot sound,
in this case relative to the use of a custom robot arm device.

Work to date on sound in HRI has yielded both answers and
additional questions on how to develop robots capable of leveraging
sound usefully. Participants can identify less expensive servos by
sound [11], but studies of servo sounds found few connections
between objective metrics and these subjective perceptions [12].
Another study showed that the presence of robot sound led to
worse perceptions, but did not discern a clear relationship between
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Figure 1: Snapshots from the video stimuli of our custom
robot. Left: robot playing against “another robot” added via
digital editing. Right: robot moving to the board’s center.

high- and low-end sounds [16]. While this prior work has begun
to address the effects of the presence and the timbre of sound, little
work to date has worked to isolate the effects of loudness and pitch,
which are another two fundamental attributes of sound as identified
by psychoacoustics [5]. In this work, we explore these two factors
via an online study with pre-recorded audiovisually-manipulated
stimuli, as illustrated in Figure 1. The current work thus provides
an initial attempt at making a rigorous examination of the effects of
loudness and pitch of robot sound, results from which can serve as
the groundwork for additional theory and future studies exploring
these auditory characteristics.

2 METHODS
We conducted a study with university undergraduates to determine
how the loudness and pitch of a robot’s sound profile affected
participants’ perceptions of a robot. All study procedures were
approved by Oregon State University under IRB-2019-0172.

2.1 Study Design
The within-subjects study included recordings of a simple robot
arm created for the purpose of this study. Using an Essential Phone
rear-mounted camera and a Blue Snowball microphone, the arm
was recorded interacting with a tic-tac-toe board. After recording,
the audio tracks of the videos were manipulated to create different
levels of audiovisual stimuli of the robot coming into contact with
the tablet computer. Prior to condition-specific manipulations, all
stimuli included noise reduction with a level of 12 dB, 6.00 sensitiv-
ity, and 3 frequency smooth bands; a low-pass filter at 10 kHz with
roll-off of 48 dB per octave; and an overall amplification of 14.537 dB
to 0 dBFS. The four conditions had the following manipulations:

(A) Original: Above-mentioned manipulations only.
(B) Attenuated: An additional 10 dB of attenuation.
(C) Silent: Silent aside from contact sound.
(D) Downshifted: A frequency shift down 1 octave.
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Importantly, for all conditions, the sound of the robot contacting
the tablet computer remained unchanged, so only sound specific to
the robot arm alone was manipulated.

Two types of stimuli were created: robot vs. robot stimuli, 54-
second videos in which two of the four conditions were presented,
and single-robot stimuli, nine-second videos in which one condition
was presented interacting with the board. Participants experienced
one of all possible combinations in random order (six robot vs. robot
and four single-robot stimuli).

2.2 Participants
89 participants completed the study. Participants were adults be-
tween 18 and 43 years of age (𝑀 = 21.2, 𝑆𝐷 = 4.2), with 32.6% men,
66.3% women, and 1.1% transgender women. Participants were re-
cruited from the Oregon State University’s School of Psychological
Science Subject Pool and compensated with course credit.

2.3 Measures
The 15-minute survey included the following questionnaires:

• Introductory questionnaire: an inventory based on the Unified
Theory of Acceptance and Use of Technology (UTAUT) cap-
tured participants’ preconceptions about robots [19]. After
listening to a loudness calibration video, further questions
collected details on participants’ listening devices, robotics
experience, and music experience.

• Comparative stimulus questionnaire: after the presentation
of each robot vs. robot stimulus, a five-item questionnaire
asked participants which robot they evaluated more highly
on trust, human-likeness, dependability, comfortableness,
and overall preference scales.

• Individual stimulus questionnaire: a check-all-that-apply ques-
tionnaire captured participants’ association of the single ro-
bot stimulus with items from [11]. In addition, the Robotic
Social Attributes Scale (RoSAS) captured participant percep-
tions of warmth, competence, and discomfort subscales [2].
Participants rated each attribute on a six-point Likert scale
from “definitely not associated” to “definitely associated.”

• Demographic questionnaire: a final questionnaire recorded
participants’ ages, genders, ethnicities, nationalities, home-
towns, and professions.

This paper focuses on the analysis of RoSAS data. The questionnaire
format and videos are available in [1].

2.4 Analysis
Responses to the RoSAS component of the individual stimulus
questionnaire were analyzed using a repeated-measures analysis
of variance (rANOVA) with an 𝛼 = 0.05 significance level and
adjusted with a Greenhouse-Geisser sphericity correction. Pairwise
comparisons were conducted to unpack any significant main effects
using Tukey’s HSD test, which adjusts for Type 1 error inflation.
We report effect size [2, where [2 = 0.010 is considered a small
effect, [2 = 0.040 a medium effect, and [2 = 0.090 a large effect [6].
All statistical analyses were conducted using jamovi [9, 13, 15, 17].
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Figure 2: Post-stimulus RoSAS responses. Boxplots include
boxes from the 25th to the 75th percentiles, center lines for
medians, asterisks for means, whiskers up to 1.5 times the
inter-quartile range, and “+” marks for outliers. Brackets

above the boxplots indicate pairwise differences.

3 RESULTS
Significant differences in ratings of both competence (𝑝 < 0.001,
𝐹 (2.58, 227.20) = 6.88, [2 = 0.014) and discomfort (𝑝 < 0.001,
𝐹 (2.46, 216.71) = 15.85, [2 = 0.040) were discovered across condi-
tions. The silent condition had the largest perceived competence,
greater than both the original condition (𝑝 < 0.01) and the low-pitch
condition (𝑝 < 0.01). The silent condition also had the smallest per-
ceived discomfort, lower than the original condition (𝑝 < 0.001),
the attenuated condition (𝑝 < 0.01), and the downshifted condition
(𝑝 < 0.01). The attenuated condition produced lower ratings of
discomfort than the downshifted condition (𝑝 = 0.014).

4 CONCLUSIONS & FUTUREWORK
In terms of perceived competence and discomfort, the results sug-
gest that users tend to prefer quieter robot arms (i.e., either silent or
at least attenuated). This aligns with findings from prior work such
as [16], and hints that a more detailed follow-up study on intensity
could yield additional useful findings. Lower pitched sound also
seems to lead to more negative perceptions in some cases. Thus,
while the effect of pitch is slightly less clear, exploring additional
levels of pitch also seems to be a promising future direction.

This work provides a strong first attempt at clarifying the role
of loudness and pitch on HRI; these factors both yield significant
differences in general HRI measures, especially relevant to no sound.
Future in-person studies are planned that will include additional
levels of loudness and pitch to attempt to determine the persistence
and strength of the effects observed here.
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