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Abstract

This paper adopts the bionic design principles, the Semantic Differential Method and the experimental
tool of Eye Tracker device to develop a more objective and quantifiable design method suitable for
bionic design of products. Firstly, the Semantic Differential Method is used with a 7-point Likert scale
to screen product samples and emotional intention vocabulary. Principal component and factor analyses
are conducted using SPSS software, and the bionic objects for product morphology are identified
through the bionic gene database. Secondly, an Eye Tracker device (Tobii Pro Glasses 2) is used to
collect data from eye movement for visual analysis of the bionic objects. The key biological
morphological features are cognitively ranked based on eye-tracking visualization metrics such as heat
maps, total fixation duration, fixation count, and time to first fixation. In this study, we adopted the
penguin as the bionic object and obtained a cognitive sequence of its representative biological
morphological features. This sequence was then applied to the bionic design of a disinfection robot's
morphology, demonstrating the method's applicability and feasibility. It concludes that, in the bionic
design of product morphology, the Semantic Differential Method can assist in selecting bionic objects,
while eye-tracking technology can effectively analyze the ranking of key biological morphological

features. This approach provides new insights and guidelines for the bionic design of product

morphology.
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1. Introduction

In the bionic design of product morphology, certain
characteristics of biological forms can be effectively
incorporated 1into product design, facilitating the
mapping of bionic shapes onto product structures (Qi et
al. 2014). This integration not only enhances the
aesthetic appeal and functionality of the products but
also imbues them with specific morphological imagery
and symbolic meanings drawn from nature. By applying
these biological features, designers can create products
that resonate more deeply with users, evoking emotional
connections and conveying messages that reflect the
essence of their bionic inspirations. Bionic design,

inspired by nature, has gained considerable traction

across various industries due to its ability to enhance
functionality,
furniture design, for instance, designers often draw

aesthetics, and user experience. In
inspiration from organic shapes and forms found in
nature to create innovative and ergonomic pieces that not
only serve practical purposes but also promote a sense of
well-being in users (Chen et al. 2012). Similarly, in
architecture, bionic principles are employed to create
structures that harmonize with their surroundings,
emphasizing sustainability and energy efficiency while
mimicking natural forms to improve airflow and natural
lighting (Yuan et al. 2017). In the realm of home
appliance design, bionic approaches have led to the
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development of products that mimic natural processes,
making them more intuitive and user-friendly. For
example, appliances designed to emulate the efficiency
of natural systems often result in energy savings and
enhanced usability (Santos 2009). Transportation design
has also benefited from bionic design, where vehicles are
crafted to reflect the aerodynamics of birds or marine life,
leading to improved fuel efficiency and performance
(Lodato 2010).

At the moment, most designers select prototypes for
bionic design objects based on their subjective judgment,
with few objective methods available to determine cases
of product bionic objects. This approach causes a certain
limitation and ambiguity. The study attempts to clarify
product bionic objects based on bionic design principles
by using the Semantic Differential Method, and employs
eye-tracking experiments to obtain eye movement data
for cognitive ranking of key biological morphological
features. This study takes the design of a disinfection
robot as an example and applies biological features to
the practical design of the robot's morphology. This
approach establishes a more objective and quantifiable
design method suitable for bionic design, providing new
insights for the bionic design of other products.

2. Related work

Bionic design in product morphology involves the
integration of biological principles into product design,
focusing on how natural forms and functions can inspire
innovative solutions. This design approach is
increasingly recognized for its potential to enhance
usability, aesthetic appeal, and emotional resonance in
products. The use of eye movement experiments to study
user interactions with bionic designs has emerged as a
valuable research area, providing insights into how

consumers perceive and engage with these products.
2.1 Overview of Bionic Design Principles

Bionic design principles are interdisciplinary approach
that draws inspiration from biological forms, processes,
and systems to inform and enhance product design
(Coelho and Carlos 2010). This principle emphasizes the
importance of nature as a source of innovation,
leveraging the adaptations and efficiencies observed in
living organisms to solve complex design challenges.
Bionic product design is not merely about shape
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imitation; but it involves fully considering the semantic
relationships of forms in order to enhance the product's
usability, emotional resonance, and cultural significance
(Wang et al. 2024).

Benyus (1997) analyses four key principles of
bionic design as the following:

(1) Nature as a Model: Bionic design seeks to
replicate the successful strategies and characteristics
found in nature. Designers analyze the functionality,
structure, and behavior of organisms to inform the
development of new products.

(2) Sustainability: By mimicking natural systems,
bionic design often promotes sustainability and
efficiency, leading to the creation of products that
minimize waste and resource consumption.

(3) Functionality and Aesthetics: The principles
integrate both functional and aesthetic aspects,
recognizing that effective design must not only work
well but also resonate visually and emotionally with
users.

(4) Interdisciplinary Collaboration: Bionic design
often involves collaboration across various fields,
including biology, engineering, materials science, and

design, fostering a holistic approach to problem-solving.

2.2 Review of Bionic Design

Historically, the field of bionic design draws upon
biomimicry, which emphasizes learning from nature to
solve human challenges. Early examples of biomimetic
design can be traced back to the work of Leonardo da
Vinci, who studied the flight of birds to develop concepts
for human flight. In contemporary design practices,
researchers have increasingly applied biological insights
to product morphology, aiming to create designs that not
only mimic natural forms but also enhance user
experience (Kang 2020). According to Liu (2023), bionic
design in industrial design often focuses on optimizing
structural efficiency, improving ergonomics, and
enhancing energy consumption, highlighting how natural
forms can inspire functionally robust and sustainable
designs. This paradigm shift has led to a growing body
of literature exploring the relationship between
biological forms and user perceptions. Coelho and
Versos (2011) provide an analysis based on a detailed

examination of methods related to supporting the
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attainment of four key goals: form optimization,

organizational effectiveness, multi-requirement
satisfaction, and paradigm innovation for improved
functional performance. These goals are considered
essential for design endeavors aimed at achieving
innovative concepts, optimizing specific features or
performance, and promoting environmental
sustainability. Taieb and Amor (2023) also emphasize
that bionic principles in product design are increasingly
where both

aesthetic appeal and environmental efficiency are

aligned with eco-friendly objectives,

prioritized.

Recent studies have highlighted the effectiveness of
eye movement experiments in evaluating how users
respond to bionic designs. Eye tracking allows
researchers to quantitatively analyze visual attention,
revealing which features of a product capture interest
and how users navigate their visual field (Mahanama et
al. 2022). For instance, research by Bumgardner and
Nicholls (2020) examined how users interacted with
products inspired by nature, using eye-tracking
technology to measure gaze patterns and fixation
Their indicated that

morphological features significantly influenced users'

durations. findings certain
emotional responses and preferences, underscoring the
importance of specific design elements in bionic
products.

Furthermore, eye movement studies can reveal the
cognitive processes underlying user engagement with
bionic designs. By assessing where users look and how
long they dwell on particular aspects, researchers can
infer which characteristics are most salient and impactful
(Sweller 2020). This information is crucial for designers
aiming to create products that resonate with users on
both functional and emotional levels. For example, a
study by Hwang and Lee (2022) investigated the eye
movement patterns of participants when viewing bionic
designs versus traditional designs. The results showed
that bionic designs elicited longer fixation times on
organic shapes, suggesting a stronger visual appeal and
greater emotional engagement compared to non-bionic
counterparts.

Moreover, the integration of eye movement
experiments in bionic design research aligns with the
growing emphasis on user-centered design principles.
Understanding how users visually interact with products

can guide the iterative design process, allowing
designers to refine morphological features based on
empirical evidence (Strohmaier 2020). As designers
increasingly seek to create products that are not only
functional but also emotionally appealing, the insights
gained from eye movement studies will be instrumental
in bridging the gap between biological inspiration and
user experience.

The intersection of bionic design, product
morphology, and eye movement experiments presents a
promising research area that can enhance our
understanding of user interactions with biologically
inspired products. As this field continues to evolve,
incorporating advanced eye-tracking technologies and
methodologies will be essential for uncovering deeper
insights into consumer preferences and behaviors.
Ultimately, this research can inform the development of
innovative designs that harmonize with natural forms
while meeting user needs and enhancing overall

satisfaction.
3. Research Methods

This study composes of two parts. The first part utilizes
a quantitative research method, specifically the Semantic
Differential Method, along with a bionic gene database
and SPSS data analysis software, to further objectively
clarify product bionic objects. By employing these tools,
we can systematically evaluate various biological forms
and their characteristics, enabling a more precise
selection of prototypes for bionic design. The use of the
Semantic Differential Method allows for a nuanced
understanding of how different features resonate with
potential users, thereby enhancing the relevance of the
chosen bionic objects. The second part of the study
employs eye-tracking technology to collect eye
movement data, focusing on metrics such as total
fixation duration and fixation count. This data provides
valuable insights into how users visually interact with
biological prototypes, allowing for the ranking of key
features based on cognitive recognition and visual
attention. By analyzing these eye movement patterns, we
can identify which biological characteristics capture user
interest most effectively. The findings from this analysis
are then applied to the bionic design of disinfection
robots, ensuring that the resulting products not only

incorporate successful biological elements but also align
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with user preferences and expectations. Ultimately, this
dual approach aims to enhance the usability, aesthetic
appeal, and functional effectiveness of bionic products in
real-world applications.

3.1 The Semantic Differential Method

The Semantic Differential Method, also known as the
SD method, is a commonly used affective engineering
technique aimed at exploring the intention and needs of a
target population. By utilizing bipolar adjective pairs,
this method allows researchers to quantify and analyze
people's attitudes, perceptions, and emotional responses
toward specific concepts, products, or experiences. It
provides valuable insights into how individuals perceive
various attributes, such as quality, usability, and
aesthetics, which can be crucial for informing design
decisions and enhancing user satisfaction. Through its
structured approach, the SD method facilitates a deeper
understanding of the subjective experiences of users,
ultimately guiding the development of more effective
and user-centered designs (Osgood et al. 1957).

The Semantic Differential Method can be found in
the field of consumer product design, particularly in
evaluating user perceptions of smartphone interfaces.
Researchers conducted a study where participants rated
various smartphone designs using bipolar adjective pairs,
such as “simple-complex,” “intuitive-counterintuitive,”
and “modern-outdated” (Castro and Barrada 2020). The
findings revealed significant differences in user attitudes
toward different interface designs, highlighting how
specific visual elements influenced users' emotional
responses and overall satisfaction. For example,
interfaces that were rated as “simple” and “intuitive”
correlated with higher user preference, leading designers
to prioritize minimalistic layouts and user-friendly
navigation in future iterations (Hassenzahl et al. 2021).
This application of the Semantic Differential Method not
only informed design improvements but also

demonstrated its effectiveness in capturing user

sentiments, ultimately contributing to a more

user-centered approach in product development.
3.2 Eye-tracking technology

Eye-tracking technology refers to a set of techniques and
tools used to measure and analyze eye movements,

including where a person is looking, how long they focus
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on specific areas, and the sequence of their eye
movements. This technology is widely used in various
fields such as psychology, marketing, human-computer
interaction, and usability research. The origins of eye
tracking can be traced back to the late 19th century when
researchers first began to explore the relationship
between eye movements and visual perception. Early
studies used basic methods to record eye positions
manually, relying on observers to document movements
(Eagleman 2010).

With advancements in technology, the 20th century
saw significant developments, particularly in the 1950s
and 1960s, when some researchers utilized more
sophisticated apparatuses to study eye movements in
detail (Palazuelos 2022). The introduction of video
technology in the 1980s allowed for more precise
tracking and analysis, making eye tracking more
accessible to researchers in various disciplines. In recent
years, the advent of digital cameras and computer
algorithms has further refined eye-tracking methods,
leading to the development of compact, high-speed eye
trackers that can be integrated into everyday devices
(Holmgvist et al. 2020).

Today, eye-tracking technology has become a vital
tool in understanding human behavior and interaction. It
provides valuable insights into how individuals process
visual information, guiding design decisions in
everything from user interfaces to advertising campaigns.
As the technology continues to evolve, its applications
are expanding, paving the way for innovative solutions
in fields such as virtual reality, gaming, and accessibility
design.

4. Cognitive Perception of Disinfection Robots
Based on the Semantic Differential Method

In this section, we discuss the selection of samples for
design of disinfection robots, data collection and

analysis.

4.1 Selection of Design Samples for Disinfection
Robots

Through online questionnaires and extensive market
surveys, eight of the most representative bionic
disinfection product samples were carefully selected,
each reflecting a unique natural form. These bionic

designs were inspired by various elements of the natural
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world, including starfish, petals, beetles, penguins, snails,

pandas, plant buds, and tree branches. Each form was
chosen not only for its aesthetic appeal but also for its
symbolic and functional relevance in the context of
disinfection products. For example, the starfish shape
may symbolize resilience and regeneration, while the
beetle and snail forms evoke protective and adaptive
qualities. The penguin and panda shapes, with their
recognizable and friendly forms, were likely selected to
create an emotional connection with users, making the
products more approachable and engaging in
environments such as hospitals or public spaces.
Similarly, the plant bud and branch forms suggest
growth and renewal, aligning with the purpose of
disinfection as a means of maintaining cleanliness and
hygiene. This diversity in bionic forms reflects the
potential of biomimicry in product design to not only
meet functional requirements but also enhance user
interaction by invoking familiar, natural
(Sundstedt and Garro 2022). The
disinfection robots were designated as samples Y1, Y2,
Y3, Y4, Y5, Y6, Y7, and Y8. Each represents a unique

biological form. To ensure that the product's semantic

shapes

eight bionic

elements, such as color and other non-morphological
features, did not influence the perception and evaluation
of the designs, all samples were desaturated to remove
any color biases. This step allowed for a more objective
comparison of the bionic forms based solely on their
shape and structure, as illustrated in Figure 1.
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Figure 1. Representative Samples of Bionic Disinfection
Products

4.2 Collection and Selection of Emotional Image
Vocabulary

A comprehensive search was conducted across various
sources, including the internet, books, journals, and other
academic literature, to collect multiple sets of emotional
word groups used for evaluating product designs. This
initial collection has established a broad emotional
vocabulary database. To ensure relevance to the specific
context of disinfection robots, the emotional words were
carefully filtered based on their applicability to the
unique characteristics of these robots. Words that had
little correlation with the experimental objectives were
eliminated to enhance the focus of the study. After a
rigorous screening process, 32 key emotional descriptors
were selected to form a refined semantic database. This
carefully curated set of emotional vocabulary is crucial
in evaluating how users perceive and interact with the
design elements of disinfection robots, bridging the gap
between abstract user feelings and concrete product
attributes. By aligning these words with design features,
researchers can better understand user preferences and
emotional responses, providing a more structured and
quantifiable approach to bionic product evaluation.
Based on the results of the emotional evaluation
vocabulary questionnaire, the most frequently selected
emotional words were chosen for the study, ultimately
leading to the selection of nine pairs of emotional word
groups. We adopted a Likert 7-point scale to evaluate the
imagery of the eight bionic disinfection robot product
samples using the nine pairs of emotional image
vocabulary. To facilitate this evaluation, we created a
semantic differential assessment questionnaire, as shown
in Table 1.

This process is essential in semantic differential
methods, where emotional vocabulary plays a critical
role in capturing subjective user experiences and
translating them into quantifiable data. Such databases
allow designers to measure the emotional impact of
different bionic forms systematically, guiding the
iterative design process toward solutions that resonate
better with users on an emotional and functional level
(Salloum 2020). The refinement of these emotional
descriptors further underscores the importance of
user-centered design principles in creating products that
are not only functionally efficient but also emotionally

engaging.
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Table 1 Questionnaire of Bionic Disinfection Product Sample Y1
Antonym Emotional Value Intent Vocabulary
Manual 3 2 -1 0 1 2 3 Intelligent
Bulky 3 -2 -1 0 1 2 3 Lightweight
Traditional 3 -2 -1 0 1 2 3 Innovative
=
Sharp 32 -1 0 1 2 3 Smooth p 3
Natural 3 -2 -1 0 1 2 3 Technological . QEF:'.’
Ordinary 3 -2 -1 0 1 2 3 Unique
Difficulttouse -3 -2 -1 0 1 2 3 Easy to use
Complex 3 -2 -1 0 1 2 3 Simple
Annoying 3 -2 -1 0 1 2 3 Liked
4.3 Data Analysis questionnaire is valid, as shown in Table 2. Following

Using the SPSS statistical analysis tool, we conducted a
validity analysis on the questionnaire evaluation results.
The KMO test and Bartlett sphericity test were utilized
to assess the effectiveness of the questionnaire design.
The results of KMO was 0.781, which falls within the
acceptable range of 0.7 to 0.8, indicating that the

this, principal component analysis was performed for
factor extraction, detailed in Table 3. The first two
common factors exhibited eigenvalues greater than 1,
signifying significant explanatory power. Additionally,
the cumulative contribution rate of these two principal

component factors was found to be 70.320%.

Table 2 Results of KMO Test and Bartlett Sphericity Test

KMO Sampling Adequacy Measure 0.781
Chi-Square 393.573

Bartlett Sphericity Test Distribution 36
Significance 0.000

Using the varimax orthogonal rotation method, factor
rotation was applied, and the rotated component matrix
is presented in Table 4. It clarifies the structure of the
factors by maximizing the variance of squared loadings
for each factor, allowing for easier interpretation of the
relationships among the variables. The factor loadings of
affective vocabulary and affective image word pairs
were ranked in descending order. Positive values indicate
a positive correlation, while negative values denote a
negative correlation. The absolute value of the factor
loading is directly proportional to the strength of the
correlation with that factor; in other words, the larger the
absolute value, the stronger the correlation (Su 2017).

According to the rotated component matrix, Component
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1 comprises six pairs of variables: technological-natural,
easy-difficult to use, simple-complex, liked-annoying,
unique-ordinary, and innovative-traditional. Among
these, the fechnological-natural and easy-difficult to use
dimensions are the most highly valued by the target
demographic. Component 2 consists of three variables:
unique-traditional,intelligent-manual, and smooth-sharp,
highest

importance on intelligent-manual and smooth-sharp.

with the target demographic placing the

Ultimately, technological-natural, easy-difficult to use,
intelligent-manual, and smooth-sharp were selected as
descriptors of the target demographics’ visual perception
of the disinfection robot’s appearance.
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Table 3 Total Variance Explained
Initial Eigenvalue  Variance Explained Variance Explained After Rotation
Factor Eigenval Variance Eigenval Variance Eigenval  vgriance Cumul.
Total  Con.Rate Total  (Con Rate Total Con.Rate Contri.Rate
CumCon.Rate CumCon.Rate
1 5.174 57.493  57.493 5.174 57493 57.493  4.396 48.848 48.848
2 1.154 12.827  70.320 1.154 12.827 70320  1.932 21.472 70.320
3 955 10.609  80.929
9 0.033 0.370 100.000
Table 4 Rotated Component Matrix
Component
1 2
Technological-Natural 0.936 /
Easy-Difficult to use 0.895 /
Simple-Complex 0.857 /
Liked-Annoying 0.844 0.403
: . . 44
Unique-Ordinary 0.799 0440
. .. 0.579 /
Innovative-Traditional
. . 0.487 /
Lightweight-Bulky
Intelligent-Manual ! 0.871
/ 0.793

Smooth-Sharp

4.4 Average Emotional Evaluation and Selection of
Bionic Objects

A total of fifty-eight participants (30 men and 28 women)
aged between 19 and 30 (M = 22.15, SD = 4.07) were
recruited for this study. All participants were asked to
sign a consent form before the study. All participants
needed to complete questionnaires that were available
online. Data were collected and analyzed. After
excluding those data that did not align with the
questionnaire's intent or were completed in an unusually

short time, fifty-three questionnaires were valid. The

participants rated each product based on their subjective
perceptions. All the data was compiled and using SPSS
for data analysis, the average values of the emotional
image words were calculated to understand the target
group's emotional evaluation results, as shown in Table 5.
According to Table 5, each sample shows a bias in
emotional intent within user perception. Notably,
Samples 1, 3, 4, and 7 exhibit consistencies in their
visual perception descriptions across various dimensions,
include technological vs. natural, easy to use vs. difficult
to use, intelligent vs. manual, and smooth vs. sharp.

Therefore, the selection of bionic biological objects was
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initially determined from Samples 1, 3, 4, and 7,
specifically focusing on the starfish, beetle, penguin, and
panda forms. Furthermore, considering the broad usage
scenarios of disinfection robots and their functional
attributes, the selected designs demonstrate visual
friendliness and evoke a sense of safety. Additionally, an

inter-sectional analysis was performed based on the

bionic gene database, taking into account the growth
environments and physical characteristics of the
aforementioned biological prototypes in relation to the
definitions of disinfection robot products. Ultimately, the
selected bionic biological object was the penguin
(Johnson 2020).

Table 5 Mean Semantic Evaluation of Representative Sample Emotional Vocabulary

Emotional Word Pairs

Sample Evaluation Mean

yl y2 y3 y4 y5 yo y7 y8
Intelligent-Manual 6.26 489 570 5.75 587 474  6.08 6.04
Lightweight-Bulky 5.47 479 462  4.02 513 498  4.62 5.51
Innovative-Traditional 6.11 506 479 530 534 517 5.09 5.66
Smooth-Sharp 5.66 481 621 602 58 558 600  5.68
Technological-Natural 5.51 523 542 5.08 513 442 485 4.75
Unique-Ordinary 5.81 521 5.8 5.47 532 521 5.00 5.28
Easy-Difficult to use 5.42 464 540 543 532 494 543 5.32
Simple-Complex 5.26 498  5.49 5.00 530  4.85 4.98 5.32
Liked-Annoying 5.49 485 532 5.58 558  4.96 5.36 5.60

5. Eye Movement Experiment on Morphological
Bionic Features

5.1 Participants

The experiment was conducted using eye-tracking
technology (Tobii Pro Glasses 2) in the Product
Information Interaction Design Lab in Shanghai. Two
experimenters were involved: one operated the
eye-tracking device, while the other observed the
participants during testing. A total of eighteen
participants took part in the experiment, all of whom
were undergraduate or graduate students majoring in
design. Each participant had experience with
morphological biomimicry and had never seen the test
samples before. The group consisted of nine males and
nine females, with an average age between 21 and 28 (M
= 24.65, SD = 3.98). All participants had normal vision,
meeting  the

requirements for the eye-tracking

experiment.

5.2 Process of the experiment

36

This study utilized the Tobii Pro Glasses 2, a wearable
eye-tracking device developed by Tobii to conduct the
eye-tracking experiment. The choice of this device was
influenced by its advanced capabilities for capturing
detailed eye movement data in real-world settings,
allowing for a more natural interaction with the test
samples. The experimental recordings were managed
using the Tobii Glasses Controller software, which
facilitated real-time monitoring and data collection
enabled the
experimenters to configure the settings of the

during the trials. This software
eye-tracking device, ensuring optimal performance
throughout the study.

For the analysis of the experimental data, Tobii Pro
Lab software was employed. This powerful analytical
tool allowed for comprehensive evaluation of eye
movement metrics, such as fixation duration, gaze
patterns, and the sequence of visual attention. By using
this software, the research team was able to extract
meaningful insights regarding participant interactions
with the bionic product samples, ultimately contributing
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to a deeper understanding of user perception and the
effectiveness of biomimetic design features.

Through this methodological approach, the study
aimed to bridge the gap between design principles and
practical application, providing valuable data that can
inform future design decisions in the field of bionic
product development.

The experimental materials consisted of six images
depicting different morphological representations of
penguins, primarily featuring side and front views (see
Figure 2). To mitigate any potential interference from the

V)

Figure 2. Penguin biological modeling sample

The experiment utilized two monitors: one for recording
Initially, the

eye-tracking  device,

data and the other for observation.
calibrated the

configuring the Tobii Glasses system and activating the

experimenter

recording equipment. The Tobii Glasses Controller
software was launched to ensure accurate data capture.
Meanwhile, on the second computer, the sample images
were prepared in advance, ensuring that each image
would be displayed for a uniform duration of 10 seconds.
This setup allowed for seamless integration of data
collection and image presentation, facilitating an
effective evaluation of participants' visual attention and
interactions with the bionic design samples.

Next,

participants about the key points to consider during the

another  experimenter informed the

experiment and assisted them in wearing the
eye-tracking headset. Once the new recording session
began, a calibration test was conducted to ensure
After the

calibration was completed, participants were instructed

accurate tracking of eye movements.
to proceed with the tasks. All participants followed the
same procedure sequentially for the eye-tracking
experiment until each one had completed the testing.

Finally, the recorded data was reviewed by

sequence of images on the test results, the six sample
images were pre-arranged in a PowerPoint presentation
with customized slides, set to auto play in a random
order. Furthermore, a blank slide was inserted between
every two sample images to provide a three-second
transition period. This design aimed to prevent eye
fatigue and visual interference for the participants,
ensuring they could maintain their focus and accurately
evaluate the morphological features of the bionic design

samples without distraction.

replaying the entries in the Recording List to ensure
accuracy. Subsequently, the data stored on the SD card
from the Tobii Pro Glasses 2 was imported into Tobii Pro
Lab software for comprehensive data analysis. This
systematic approach ensured that all data was captured
correctly and could be analyzed to extract meaningful

insights from the experiment.

5.3 Analysis of Sample Comparison

The ultimate goal of the experiment is to extract the key
morphological elements of the biological forms. To
achieve this, images of the six penguin morphological
samples were first imported into the Snapshots section in
Tobii Pro Lab software. Fourteen participants were
selected to observe the images of penguin morphological
samples as part of the eye-tracking experiment. During
the experiment, each participant’s gaze patterns were
recorded, focusing on specific areas of interest within
each image to identify which visual elements attracted
the most attention. After collecting individual heat maps
for each participant, the data was combined to generate
aggregate heat maps, showing the most frequently
observed regions for each of the six penguin samples.
These heat maps reveal the areas where participants'
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attention was consistently drawn, highlighting critical
morphological features that hold strong visual appeal or
perceived relevance. Figure 3 shows the heat maps,
where hotter colors indicate greater interest from
participants, with red representing the areas with the
most gaze points or the longest fixation times. Through
heat map analysis, it was observed that participants'
attention was primarily concentrated on the head, feet,
and body regions of the penguin morphology. However,
relying solely on the heat map does not provide
information about which sample received the highest
level of attention or its cognitive ranking among the
samples. To fully understand participant preferences and

perceptions, additional quantitative measures are needed

to complement the visual data presented in the heat maps.

This combination of qualitative and quantitative analysis
will enable a more comprehensive evaluation of the
bionic design features.

To further investigate the level of attention given to
the samples, the experiment focused on three key
eye-tracking metrics: total fixation time, number of

fixations, and initial fixation time. The average values of

")

Figure 3. Heat Maps of Penguin Morphological Sample
Eye-Tracking Experiment

these metrics were used to analyze the eye-tracking data,
with the selection criteria explained in Table 6. After
screening, the average eye-tracking data for the 14
participants browsing the six samples was compiled,

with specific parameters detailed in Table 7.

Table 6 Selected Metrics for Eye-Tracking Experiment

Metrics Explanations

Total Fixation Time
Number of Fixations
Initial Fixation Time

The total duration of all fixations within the area of interest viewed by the participant.

The number of times the participant revisits the area of interest.
The time point at which the participant first gazes at the area of interest.

In the eye-tracking metrics, longer total fixation
times indicate greater attention to a particular area; a
higher number of fixations suggests that the area is more
significant and draws more interest from the participants;

and shorter initial fixation times imply a stronger interest

in the area, indicating that its features are more
pronounced. From this analysis, it can be inferred that
Sample 6 received the most attention from the

participants.

Table 7 Mean Score of Eye-Tracking Data for Each Sample

No. Total Fixation Time/s ~ Number of Fixations (No./s) Initial Fixation Time/s
1 3.14 2.21 2.15
2 3.26 1.65 1.90
3 2.47 2.36 2.14
4 291 2.06 2.06
5 2.62 2.56 2.76
6 3.31 2.76 1.62
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5.4 Analysis of Area of Interest Data

To quantitatively analyze the cognitive ranking of key
features in biological morphology, the study followed
established principles for the extraction of biological
characteristics (Zhou et al. 2018). Each of the six
samples was systematically divided into areas of interest
(AOIs) to facilitate focused analysis. The defined AOIs
were: AOI1 for the wings, AOI2 for the feet, AOI3 for
the body, and AOI4 for the head. This segmentation

allows for a detailed examination of how different
morphological features are perceived and prioritized by
participants. Such a method aligns with prior research
that emphasizes the importance of specific anatomical
features in visual recognition tasks (Smith and Jones
2020). By assessing these areas, the study aims to
uncover patterns in cognitive processing related to bionic
design. Refer to Figure 4 for the visual representation of

these divisions.

Figure 4. Areas of Interest (AOI) in Penguin Biological Shape Sample Images

As indicated in Table 8, Sample 6 received the
highest
participants. Therefore, Sample 6 was selected as the

levels of attention and attraction from
final reference for the cognitive ranking of biological
shape features. The data presented in Table 7 shows the
mean eye-tracking metrics for each area of interest (AOI)

within Sample 6. Notably, the head (AOI4) recorded the
longest total fixation time, the highest number of
fixations, and the shortest initial fixation time.
Consequently, the cognitive ranking of the penguin

shape features is as follows: head, body, feet, and wings.

Table 8 Eye-Tracking Parameters for Sample 6 (Penguin Morphological Features)

No. AOI Total Fixation Ranking Number of Ranking Initial Fixation Time/s Ranking
Time Fixations
AOI'l 1.06 4 1.33 4 4.54 4
Wings
AOI2 157 3 1.50 3 3.03 3
Feet
Sample 6
AOI3 317 2 3.07 2 1.69 2
Body
AOI4 4.5 1 3.27 1 0.06 1
Head

5.5 Design Practice

Building on the conclusions of the aforementioned
experiment, the bionic design of the disinfection robot is
developed. As a specialized device for public spaces, the
design takes into account the characteristics of the
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biological penguin and analyzes the essential elements of
shape.  The
conceptualization follows the cognitive ranking of the

the  disinfection  robot's design
penguin's features and employs Rhino software for
computer-aided design. The primary color scheme
retains the main hues of the bionic object, predominantly
using black.

In this

corresponds to functional elements such as radar and

design practice, the penguin's head
laser sensors; the body represents the main chassis and
screen of the disinfection robot; the feet are adapted to
the bottom roller protection module; and the wings align
with the atomization and disinfection functionality of the
robot. Overall, the design seamlessly integrates the
product's morphology with the distinctive features of the
bionic object, as illustrated in Figure 5 and Figure 6.

Figure 5. Disinfection Robot Bionic Design Renderings
(Front View)

Figure 6. Disinfection Robot Bionic Design Renderings

40

(Back View)

6. Conclusion

Bionic product design is not merely about choosing
prototypes based on the designer's subjective judgment;
it must also thoroughly consider the applicability and
consensus between the product, the bionic objects, and
the target audience. This approach ensures that the
design resonates with users and effectively meets their
needs, enhancing both functionality and emotional
connection. This study adopts the Semantic Differential
Method and the experimental tool of Eye Tracker device
to develop a more objective and quantifiable design
method suitable for bionic design of products. This
approach enriches the design process and results in
innovative solutions that bridge the gap between nature
and technology. Taking the disinfection robot as an
example, we first utilized the Semantic Differential
Method with a Likert 7-point scale to create a semantic
questionnaire. This was used to collect and filter
emotional vocabulary related to the disinfection robot,
thereby establishing a semantic sample library. Coupled
with the SPSS data analysis tool for data support, we
ultimately identified the penguin as the bionic prototype
for the design of the disinfection robot's morphology.
Next, we employed eye-tracking technology to
quantitatively analyze the penguin's key morphological
features using indicators such as heat maps, total fixation
time, fixation count, and first fixation time. This analysis
allowed me to establish a ranking of the penguin's key
characteristics, which were then applied to the design of
the disinfection robot's morphology. The combination of
the Semantic Differential Method and eye-tracking
experiments offers a novel experimental approach for
bionic product design. This methodology can be applied
to various other product designs and provides valuable
insights for the morphological design of disinfection
robots. By integrating these techniques, designers can
enhance their understanding of user perceptions and
preferences, ultimately leading to more effective and
appealing product designs. While this study presents
innovative methodologies for bionic product design,
there are several limitations to consider: (1) The study
involved a limited number of participants, which may
not fully represent the broader population. A larger
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sample size could yield more generalize results. (2) The
research primarily focuses on the penguin as the bionic
model for disinfection robots. This narrow focus may
limit the applicability of findings to other bionic designs
that utilize different (3) The

experiments were conducted in a controlled environment,

biological forms.
which may not accurately reflect real-world scenarios.
Factors such as user familiarity with the product or
environmental conditions can influence eye-tracking

results and overall perceptions.

Disclosure statement: No potential conflict of
interest was reported by the author(s).
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