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of a Single-Eyed Spherical Robot
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Abstract

Non-verbal communication is important in human interaction. It provides a layer of information that 

complements the message being transmitted. This type of information is not limited to human speakers. In human–

robot communication, increasing the animacy of the robotic agent—by using non-verbal cues—can aid the 

expression of abstract concepts such as emotions. Considering the physical limitations of artificial agents, robots 

can use light and movement to express equivalent emotional feedback. This study analyzes the effects of LED and 

motion animation of a spherical robot on the emotion being expressed by the robot. A within-subjects experiment 

was conducted at the University of Tsukuba where participants were asked to rate 28 video samples of a robot 

interacting with a person. The robot displayed different motions with and without light animations. The results 

indicated that adding LED animations changes the emotional impression of the robot for valence, arousal, and 

dominance dimensions. Furthermore, people associated various situations according to the robot’s behavior. These 

stimuli can be used to modulate the intensity of the emotion being expressed and enhance the interaction 

experience. This paper facilitates the possibility of designing more affective robots in the future, using simple 

feedback.
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1. INTRODUCTION

When people physically interact with each other, a 

myriad of non-verbal signals are transmitted together 

with speech. One of the most important non-verbal cues 

is gaze and the internal state conveyed by the eyes. This 

behavior has been recreated in robots to create more nat-

ural interactions between humans and artificial agents.

While pure gaze movements may be able to commu-

nicate emotional information, adding digital elements 

could affect how that information is understood.

In this paper, the single-eyed spherical robot, devel-

oped by Onchi and Lee (2019), was used to study the 

effect of adding light feedback to the agent on the emo-

tional meaning conveyed to people.

2. LITERATURE REVIEW

2.1. Universally recognized emotions

Ekman, et al. (1972) introduced seven universally rec-
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ognized facial emotions. These emotions can be defined 

by how different parts of the human face move and look. 

While those emotions can be understood regardless of 

culture, their boundaries are not clearly defined. It is 

possible to blend several elements of the face to show 

mixed emotions (Ekman & Friesen, 2003). Later re-

search in neuroscience narrowed down these universally 

recognized emotions to four: happy, sad, fear/surprise, 

disgust/anger (Jack et al., 2014).

By abstracting these movements and applying them 

in a non-humanoid robot, it was found that high-paced 

upward motions convey positive emotions while 

low-paced downward movements express negative emo-

tions (Onchi & Lee, 2019). In other words, direction and 

speed are enough elements to express basic emotion-like 

features on a spherical robot.

An additional visual way to display emotions is with 

color. Brightness and saturation in LED displays were 

shown to be positively correlated with emotional arousal 

(Wilms & Oberfeld, 2018). Blue hues were correlated 

with sadness (Terada et al., 2012). However, the emo-

tional meaning of color depends on context and can be 

used to express positive and negative emotions (Kaya 

& Epps, 2004).

2.2. Social eye gaze interaction

Social eye gaze in human-robot interactions is an im-

portant tool to express non-verbal information (Admoni 

& Scassellati, 2017). This behavior has been defined as 

having a dual function (Cañigueral & Hamilton, 2019): 

one to perceive information, like deictic gaze (Johnson 

et al., 2007) or emotional state (Baron-Cohen et al., 

1997; Kleinsmith & Semsar, 2019); and the other to sig-

nal information, such as gaze cueing (Kuhn et al., 2009) 

or floor management (Kendon, 1967) at the same time. 

Another important aspect of gaze during communica-

tion is gaze aversion, a behavior that conveys three main 

functions: cognitive, intimacy modulation, and floor 

management (Andrist et al., 2014). This attentional fo-

cus can be simulated by having a consistent motion, re-

gardless of the physical shape (Johnson & Ma, 2005).

These are important behaviors during human-to-human 

communication as well as human-to-robot interactions. 

2.3. Blinking information

Blinking is a natural behavior in human inter-

actions, the average blinking rate of a resting person 

was measured to be 17 blinks per minute, while the 

rate increases to 26 when engaging in conversation 

(Bentivoglio et al., 1997). Additionally, the length of 

the blink can be modulated to convey non-verbal in-

formation during communication (Hömke et al., 2018). 

This visual feedback can help in establishing proper 

turn-taking (Levinson, 2016). Blinking patterns have 

been used in robots to create a smoother conversa-

tional interaction with people (Funakoshi et al., 2008). 

As such, a blinking pattern was included in the robot 

to increase its animacy.

2.4. Emotional expressions in robots

Researching how to express and simulate emotions in 

robots has been of interest for the area of Human-Robot 

Interaction. In this regard, an approach to designing ro-

botic emotions is to closely recreate human expressions 

(Breazeal, 2002; Kishi et al., 2012). However, it is possi-

ble that these humanoid robots fall into the Uncanny 

Valley, the point where people feel aversion toward a 

human-like robot (Mori et al., 2012).

Sumioka et al. (2013) proposed that a minimalistic de-

sign could avoid the Uncanny Valley to create robots 

that are socially accepted. Studies using this concept 

have shown that minimal motions, colors, sounds, or a 

combination of them can be enough to express some ba-

sic emotions (Terada et al., 2013; Löffler et al., 2018; 

Onchi & Lee, 2019). Thus, this research aims to con-

tinue exploring different ways to express non-verbal 

emotional feedback.
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2.5. Measuring emotions

Russel and Bullock (1986) suggested that the catego-

rization of emotions using verbal concepts should be 

considered as fuzzy sets. In this regard, rather than fixed 

categories, emotions can be systematically placed along 

three orthogonal axes (valence, arousal, and dominance), 

and measured using non-verbal tools (Bradley & Lang, 

1994). For that reason, the Self-Assessment Manikin 

(SAM), adapted by Betella and Verschure (2016), was 

used to measure and classify emotions. This tool meas-

ures emotions those three dimensions using a scale from 

1 (negative valence / low arousal / low dominance) to 

9 (positive valence / high arousal / high dominance). 

3. METHODOLOGY

3.1. Robot Design

  

The animation of the body and blinking patterns were 

based on how actors and digital animators show emo-

tions (Thomas & Johnston, 1981). 

The spherical robot used is based on the robot devel-

oped by Onchi and Lee (2019). This robot was designed 

with three design considerations in mind: gaze direction, 

transparency, and simplicity. Several design iterations 

converged into a single-eyed spherical robot that has a 

solid eye and can move in two-axes. Because this pre-

vious research only focused on motion as feedback, the 

current study focuses on the effects of light and motion 

on emotion-like feedback.

There was no brow present, and the directional focus 

was coupled with a whole-body movement of the robot. 

To express more complex shapes without a brow, differ-

ent arc lengths were displayed with the LED rings as 

shown in Fig. 1. Moreover, subtle eye saccades were 

replaced with bigger movements and body jerks.

The color of the LED can affect the emotion being 

conveyed (Hyeon et al., 2019; Kim et al., 2020). In this 

Fig. 1. Motion and LED variations. Front facing full eye 

opened (left), downward facing upper eyelid closed (middle),

and upward facing bottom eyelid closed (right)

Fig. 2. Animations designed to express pseudo-emotions
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regard, a correlation between color and emotion can be 

made based on Plutchik’s Wheel of Emotions (Terada 

et al., 2012). Thus, to control for the effect of the color 

of the LED, the color of the iris was set to a constant 

hue of 203 (#009CFF, Deep Sky Blue) to give a neutral 

impression and the brightness to the maximum value. 

Only the shape of the LED ring was modulated and the 

brightness was gradually adjusted between transitions 

(e.g. blinking) to make the animations smoother. 

Building upon the results of Onchi and Lee (2019), the 

following animations were designed. A summary of the 

animations is presented in Fig. 2.

3.1.1. Animations

Happiness (A): The expression of happiness is in the 

positive end of the emotional valence scale. Depending 

on the level of arousal, this expression can range from 

relaxation to excitement. To convey the emotion, the ro-

bot faces upwards from an eye level position in 700 ms 

and then quickly moves left and right, akin to a happy 

dog wagging its tail. The bottom half of the LED ring 

is turned off to simulate the effect of raised cheeks.

Fear/Surprise (B): Fear is a highly aroused state with 

a negative valence, while surprise is a highly aroused 

state with a neutral valence (Posner et al., 2005). To 

visually represent this state in the robot, the LED ring 

is completely shown and several fast blinks are added 

to indicate disbelieve. The attentional focus of the robot 

goes from the person to an upwards position in around 

1 s, and quickly moves left and right while blinking.

Sadness (C): Sadness is described as an unpleasant, 

low aroused emotion (Posner et al., 2005). A slow-paced 

downward motion can be used to show this state (Onchi 

& Lee, 2019). To heighten the effect of looking down 

and give the illusion of sobbing, the top half of the LED 

ring is turned off and the bottom two LEDs change in-

tensity during the animation. This change is synchron-

ized with the robot slowly moving in small ovals.

Disgust/Anger (D): Both disgust and anger are asso-

ciated with low valence and high arousal (Posner et al., 

2005). Usually, an intense glare with tighten brows ac-

company these emotions (Ekman & Friesen, 2003). To 

simulate the squeeze of the brows, only the bottom mid-

dle part of the LED ring is lighted. At the same time, 

the robot does a fast-paced upwards movement, quickly 

moves down, and slowly returns up.

Confusion (E): The expression of confusion is not nec-

essarily attached to an emotional valence or arousal, but 

still conveys useful information during communication. 

To mimic a perplexed gaze, the robot moves slightly 

upwards with all lights in the LED ring fully brightened. 

Then, a single blink is shown. After 1 s, the robot blinks 

twice fast.

Assertion (F) and Negation (G): During communica-

tion between two people, upwards and downwards gaze 

aversion can signal a cognitive effort (Andrist et al., 

2014). Based on that, these animations were designed 

with an initial downwards motion to convey a thinking 

process. To express disagreement, the robot looks up and 

slowly moves left and right with all LED in the ring 

turned on, whereas, for agreement, the robot looks up 

and swiftly moves left and right with the bottom half 

of the LED ring turned off.

3.2. Experiment

A within-subjects experiment with 8 design students 

(4F / Age: 20~32) from the University of Tsukuba was 

conducted between the robot showing only motion feed-

back (control) and motion with LED feedback (LED). 

Participants were asked to sit in front of a 14-inch 

laptop and watch 28 video clips in random order of a 

researcher interacting with the robot, while the robot re-

plies with a specific feedback. After watching one video 

sample, the participants evaluated the emotional im-

pression of the interaction using the Self-Assessment 

Manikin (SAM) (Bradley & Lang, 1994), presented on 

a custom survey program made with Godot Engine (Fig. 

3). To avoid any possible context bias (Lee et al., 2019), 

each video sample was muted.
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Additionally, each participant was asked to write an 

imaginary dialog in English between the person and the 

robot, to evaluate which context could generate such re-

sponse in the robot. They were asked “What did the per-

son possibly say to the robot? (You can imagine any 

situation)” and “How did the robot possibly react? (You 

can imagine any reply)”. Participants could take as much 

time as they needed to fill in the questionnaires and take 

breaks in between if necessary. The length of the whole 

experiment was around 40 minutes. 

   
3.2.1. Video Samples

As shown in Fig. 4, each video sample was recorded 

from behind a male and female researcher doing the 

same hand gesture to hint they were talking with the 

robot. Their facial expressions are not shown. Then, the 

robot replied by either doing the animation with the 

LED ring off (control) or on (LED). The same motion 

was used for the LED enabled and LED disabled 

conditions. Video samples of the animations were used 

instead of direct interaction to ensure their consistency. 

The seven different animations were recorded with fe-

male/male researcher and control/LED conditions for a 

total of 7×2×2=28 video samples.

4. RESULTS

Results are divided into two sections, the numerical 

evaluation of SAM and the text analysis of the 

animations. Because several of the samples collected did 

not pass Shapiro-Wilk’s normality test, a Wilcoxon sign-

ed rank test was used to compare conditions.

4.1. Emotional scores

A Wilcoxon signed rank test was conducted to com-

pare the SAM evaluation in the control and LED 

conditions. There were statistically significant differ-

ences in the scores for the three emotional dimensions 

of SAM, as seen in Table 1.

A closer look to each category revealed that only 

some animations statistically significantly changed (Fig. 

5). For the valence category, a Wilcoxon signed rank 

test, shown in Table 2, was conducted to compare the 

Fig. 3. Survey developed on the godot game engine

Fig. 4. Video with [LED x Control] robot, for a total of 

28 video samples

SAM 




 (SD) 


 (SD) V p

V 4.1 (1.5) 5.0 (1.6) 2658.5 *0.000

A 4.4 (1.7) 5.7 (1.7) 3392.5 *0.000

D 4.7 (1.7) 5.1 (1.6) 2422.5 *0.049

* significance at 0.05

Table 1. Wilcoxon signed rank test for SAM

Valence 


 (SD) 


 (SD) V p

Angry 4.4 (1.4) 5.0 (1.5) 45 0.301

Assertion 4.4 (1.2) 5.1 (1.7) 48 0.191

Confused 3.8 (1.6) 5.4 (1.1) 55 *0.005

Happy 4.1 (1.3) 5.4 (1.9) 64 *0.048

Negation 3.8 (1.1) 4.5 (1.2) 69 0.100

Sadness 3.3 (1.6) 3.4 (1.5) 68 0.645

Surprised 5.2 (1.6) 5.9 (1.5) 52 0.305

* significance at 0.05

Table 2. Wilcoxon signed rank test for valence
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scores in control and LED conditions. There were stat-

istically significant differences in scores for happy con-

trol (M=4.1, SD=1.3) and happy LED (M=5.4, SD=1.9) 

conditions; V=64, p=.048; and confused control (M=3.8, 

SD=1.6) and confused LED (M=5.4, SD=1.1) conditions; 

V=55, p=.005. 

For the arousal category, a Wilcoxon signed rank test 

was conducted to compare the scores in control and LED 

conditions. There were statistically significant differ-

ences in scores for surprised, angry, confused, assertion, 

and negation, as presented in Table 3. In general, the 

arousal evaluation increased for the animations in the 

LED condition.

For the dominance category, a Wilcoxon signed rank 

test, indicated in Table 4, was conducted to compare the 

scores in control and LED conditions. There were stat-

istically significant differences in scores for surprised 

control (M=4.3, SD=1.4) and surprised LED (M=5.5, 

SD=1.5) conditions; V=60, p=.017; and assertion control 

(M=4.4, SD=1.8) and assertion LED (M=6.1, SD=1.3) 

conditions; V=100, p=.002.

In detail, for the emotional valence component, there 

were statistically significant differences in the scores for 

Happy and Confused. For the emotional arousal compo-

nent, there were statistically significant differences in 

the scores for Surprised, Angry, Confused, Assertion, 

and Negation. For the emotional dominance component, 

there were statistically significant differences in the 

scores for Surprised and Assertion.

4.2. Text analysis

Each participant was asked to write a short imaginary 

dialog between the person and the robot after watching 

each sample video. Different adjectives and nouns were 

used to describe each interaction. These dialogs were 

evaluated using the NRC Valence, Arousal, and 

Dominance (NRC-VAD) lexicon (Mohammad, 2018), 

available from the textdata package of R Studio. This 

lexicon contains a list of words scored from 0.0 (lowest 

Fig. 5. Boxplot of the SAM scores on the emotional impression

of each animation

Arousal 


 (SD) 


 (SD) V p

Angry 4.2 (1.3) 5.8 (1.7) 86 *0.034

Assertion 4.6 (1.7) 6.5 (1.4) 98 *0.004

Confused 2.9 (1.5) 5.3 (1.5) 91 *0.002

Happy 5.7 (1.5) 5.9 (1.7) 45 0.661

Negation 4.4 (1.5) 5.3 (1.3) 86 *0.037

Sadness 4.1 (1.5) 4.3 (1.4) 30 0.797

Surprised 4.6 (2.1) 6.4 (0.9) 84 *0.007

* significance at 0.05

Table 3. Wilcoxon signed rank test for arousal

Dominance 
 (SD) 


 (SD) V p

Angry 4.5 (1.9) 5.1 (1.6) 64 0.466

Assertion 4.4 (1.8) 6.1 (1.3) 100 *0.002

Confused 4.1 (1.5) 4.9 (1.4) 51 0.116

Happy 6.2 (1.4) 5.5 (1.5) 32 0.183

Negation 5.2 (1.6) 4.8 (1.2) 25 0.282

Sadness 4.1 (1.4) 3.9 (2.0) 36 0.811

Surprised 4.3 (1.4) 5.5 (1.5) 60 *0.017

* significance at 0.05

Table 4. Wilcoxon signed rank test for dominance
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VAD) to 1.0 (highest VAD).

The participants were free to write any type of dialog. 

The following text is an example of the dialog created 

for the LED Surprised animation:

∙ Person: “See! There is a monkey running on the road.”

∙ Robot: “Where? Where?”

The dialogues were tokenized, and English stop words 

cleaned, using the tm and stopwords library from R 

Studio. The most common words across all video sam-

ples were “I”, “asked”, “robot”, “person”, and “know”. 

The 5 most common unique words per animation are 

presented in Table 5.

Missing scores of sentences that did not contain any 

words from the NRC-VAD lexicon were assumed to be 

neutral in valence, arousal, and dominance. These sen-

tences were assigned a score of 0.5 for each dimension. 

The general scoring of each animation is presented in 

Fig. 6.  

A paired samples t-test was conducted to compare the 

score of NRC-VAD in control and LED conditions. 

There were no statistically significant differences in the 

emotional evaluation of the texts, except for the valence 

value of assertion control (M=.54, SD=.15) and assertion 

LED (M=.63, SD=.13) conditions; t15=3.44, p=0.004.

5. DISCUSSION

The results showed that, in general, adding light feed-

back raises the emotional valence and arousal of the 

emotion being expressed. Also, some of the animations’ 

dominance increased if light feedback is added. 

When looking at each animation in detail, adding the 

LED ring raised the valence of happy and confused ani-

mations, from negative to slightly positive scores. On 

the other hand, the arousal level of all animations in-

creased by 0.9 points or more, except for happy and sad 

animations. Finally, the emotional dominance for sur-

prised and assertion increased. 

These results go in line with studies about light in 

human-robot communication (Baraka et al., 2015; 

Funakoshi et al., 2008; Song & Yamada, 2017) in which 

lights and colors are used to increase non-verbal 

expressions.

It is worth noting that there was no significant change 

in the emotional impression of sadness, which could imply 

Animation Control LED

Angry
can, look, shopping, 

think, no

find, think, wired, you, 

maybe

Assertion
like, question, joke, 

thinking, wait
let, think, cat, do, like

Confused
ok, answer, ah, 

understand, yes
idea, let, like, maybe, the

Happy
question, thing, answer, 

do, like

question, something, 

think, happy, look

Negation
question, negative, no, 

show, sorry

look, question, no, 

surprised, thinking

Sadness
yes, answer, difficult, 

terrible, sad

sad, sorry, embarrassed, 

promise, seemed

Surprised
activated, surprised, can, 

like, reacted

like, task, want, excited, 

wow

Table 5. Most common unique words per animation

Fig. 6. Boxplot of the NRC-VAD scores on the context of each

animation
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that slow paced negative motions are not affected by 

adding LED feedback. What is more, light feedback made 

informational movements (confusion, assertion, and neg-

ation) express more neutral valences, making it less likely 

to misunderstand those motions as negative emotions.

In other words, it is possible to include light anima-

tions to adjust the intensity of an emotion and to create 

mixed emotional states within robots. Having a variable 

output other than just movement may increase the ani-

macy perceived, thus creating a more engaging 

experience.

In summary, this study evaluated the effects of adding 

light animation feedback to the movements of a sin-

gle-eyed spherical robot. The results indicated that adding 

an LED changes the emotional impression of the robot. 

It is possible to use this stimulus to modulate the valence 

and arousal of the emotion being expressed and create 

a tool to dynamically change the emotion of a non-human-

oid robot using movement, light, and animations.

Some of the limitations of this study is the restricted 

number of participants and the limited interaction they 

had with the robot to evaluate the animations. It is possi-

ble that forming a long-term bond with the robot might 

change or reinforce the information that the robot is try-

ing to express. More research is needed in this regard.
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APPENDIX

A screenshot of the questionnaires used is presented 

in Fig. 7.

Fig. 7. Questionnaires used during the experiment
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