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ABSTRACT

With the rapid development of wearable robotic technologies, knee exoskeletons
especially for hiking have emerged as assistive devices intended to reduce physical
fatigue during outdoor activities. As these systems gradually enter early-stage consumer
markets, understanding users’ real-world perceptions is important for human-centered
design and evaluation. This study investigates public perceptions of knee exoskeletons
through analysis of user-generated comments from social media. Approximately 9,000
comments related to knee exoskeletons were collected from the Chinese social media
platform Rednote over a six-month period. After data cleaning and preprocessing,
7,280 valid comments were retained. Chinese word segmentation andTerm Frequency-
Inverse Document Frequency weighting were applied to extract textual features, and
K-means clustering was used to identify major thematic categories in user discussions.
In addition, lexicon-based sentiment analysis using the National Taiwan University
Sentiment Dictionary was conducted to examine emotional tendencies. The results
indicate that user discussions mainly focus on product attributes and usage scenarios.
Neutral expressions (4755) dominate the comments, while negative sentiment (1304)
slightly outweighs positive sentiment (1221) among emotionally polarized comments,
reflecting a cautious and pragmatic public attitude. Although users recognize the
potential benefits of physical assistance, concerns regarding comfort, weight, usability,
and practical value remain prominent. Overall, this study demonstrates the feasibility
of social media comment analysis as a complementary approach for evaluating human
factors in emerging wearable robotic systems.
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INTRODUCTION

With the development of wearable robotic technologies, exoskeleton
systems have gradually expanded from industrial and medical
applications to consumer-oriented scenarios such as outdoor activities.
Knee exoskeletons are designed to assist lower-limb movement, reduce
physical fatigue, and enhance endurance during prolonged walking. These
exoskeletons have been applied in tourist areas of famous mountains in
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China to assist hikers, who need to pay out of their own pockets to rent
them. As these devices begin to appear in public settings and early-stage
markets, understanding how they are perceived and discussed by users
andpotential users has become increasingly relevant for human-centered
design and improvement.

Most existing studies on lower-limb exoskeletons have focused on
biomechanical performance, energetic efficiency, and evaluations conducted
under controlled experimental conditions (Dollar and Herr, 2008; Young
and Ferris, 2017). More recent reviews have further emphasized sensing,
interactive control, and human-robot interaction as key technical aspects
in exoskeleton development (Zhang et al., 2024). While these studies
provide essential insights into system design and functional performance,
they typically rely on predefined tasks and limited participant samples.
Consequently, users’ spontaneous perceptions, expectations, and concerns in
informal or everyday contexts are less frequently examined.

In parallel with experimental research, social media platforms have
become important spaces where users share observations, impressions, and
limited experiences with emerging technologies. User-generated comments
reflect how products are interpreted, evaluated, and contextualized in
natural discussion environments. Analyzing such data therefore offers a
complementary perspective on public perception that differs from laboratory-
based evaluation or structured surveys.

Against this background, the present study investigates public perceptions
of knee exoskeletons for hiking through large-scale analysis of user-
generated comments collected from a Chinese social media platform. By
applying text feature extraction, term-level clustering, and lexicon-based
sentiment analysis, this study aims to identify key experiential themes
reflected in user discussions, examine the multidimensional structure of
user evaluations, and describe overall emotional tendencies expressed in
public discourse.

METHODS

This study adopts a structured, multi-stage text analysis framework to
investigate user perceptions of hiking exoskeletons based on large-scale social
media comments. The overall methodology integrates data preprocessing,
text feature extraction, and combined clustering and sentiment analysis,
forming a coherent analytical pipeline for exploring both thematic patterns
and emotional tendencies in user-generated content. An overview of the
methodological framework is illustrated in Figure 1.
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Data Source & Preprocessing

Approximately 9,000 comments collected from the Chinese platform Rednote using
keyword “hiking exoskeleton”.
Rednote using §'knee exoskeleton” | (1) Post URL
Social Media Data v (301D for 6 months) ‘ (2) Comment text ‘
(3) Comment level indicator

Data were collected from the Chinese platform |+ Structured CSV file includes: ‘

b 2

Text Feature Extraction

Word Segmentation & Term Construction —3 Term Filtering & Noise Reduction Using =3 [l RIS (TS0 T w0
— bt e A0

v
pddd | + Baidu, SCU, HIT
% + Rule-Based Filtering Il
+ Harbin INTL. of all
Jieba Stopword Lists TF-IDF

2

Clustering & Sentiment Analysis

B Clustering Analysis Based on Term Vectors |Easti b Lexicon-Based Sentiment Analysis Using B8}
i i
i i
i
} i
i
i
i
i
i
i

=
K-Means NTUSD Lexicon

Clustering Analysis Based on Term Vectors Lexicon-Based Sentiment Analysisw

Figure 1: Analytical workflow for social media comment analysis of knee exoskeletons.

DATA SOURCE AND PREPROCESSING

To systematically examine public attitudes toward knee exoskeletons, this
study analyzed user-generated comments as spontaneous, experience-based
evidence from social media. Data were collected from the Chinese platform
Rednote (https://www.xiaohongshu.com) using the search keyword “knee
exoskeleton”. Comments posted under relevant entries within the most recent
six-month period were retrieved, yielding an initial dataset of approximately
9,000 comments.

All comments were stored in a structured CSV file. Each record contained
(1) the URL of the associated post, (2) the comment text, and (3) a comment-
level indicator. The comment-level field distinguishes primary (first-level)
comments from nested replies, enabling analysis across different layers of
user interaction.

Prior to analysis, the raw dataset was cleaned and filtered. Duplicate
comments with identical content were removed. Noisy entries that contained
only emojis, user mentions (e.g., “@username”), or lacked meaningful textual
content were excluded. To further reduce the influence of low-information
texts, comments shorter than three Chinese characters were filtered out. After
preprocessing, 7,280 valid comments remained for subsequent analyses,
including word frequency statistics, clustering, and sentiment analysis.
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TEXT FEATURE EXTRACTION
Word Segmentation and Term Construction

User-generated comments on social media platforms are often informal,
fragmented, and linguistically irregular, which makes raw text unsuitable for
direct quantitative analysis. In Chinese text processing, the absence of explicit
word boundaries further necessitates word segmentation as a fundamental
preprocessing step for subsequent text mining and semantic analysis.

In this study, the jieba Chinese word segmentation tool was employed
to segment all valid comments into lexical units. Jieba is an open-source
Chinese text segmentation toolkit that has been widely used in natural
language processing tasks, including social media analysis and sentiment
analysis, due to its robustness and practical effectiveness in handling large-
scale user-generated content (Jieba Chinese Text Segmentation, 2024).

To construct textual features, an n-gram modeling strategy was adopted
to control feature granularity. Given that this study focuses on users’ general
perceptions and discussion themes rather than complex syntactic structures,
word-level features were considered sufficient. Accordingly, the n-gram
parameter was set to n = 1, resulting in a unigram-based term set. Higher-
order n-grams were excluded to maintain interpretability and to limit feature
dimensionality, following common practices in text mining and information
retrieval research (Manning et al., 2008).

Through the above segmentation and term construction process, the
original comment texts were transformed into a structured set of lexical
features, providing a unified and computable input for subsequent term
filtering, feature representation, and clustering and sentiment analysis.

Term Filtering and Noise Reduction

After word segmentation and term construction, the resulting term set
still contains a number of terms with limited semantic meaning or low
information content. To improve the semantic validity and interpretability of
textual features, a multi-level, rule-based term filtering and noise reduction
strategy was applied to the segmented results.

Specifically, common functional words, pronouns, and grammatical terms
were removed using a combination of three widely used Chinese stopword
dictionaries, including the Baidu stopword list, the Sichuan University
stopword list, and the Harbin Institute of Technology stopword list, in order
to reduce the influence of high-frequency terms with limited discriminative
power (Baidu, 2023; SCU NLP Group, 2019; HIT NLP Group, 2020).
Single-character terms were further excluded, as they generally lack stable
and explicit semantic meaning in Chinese text.

In addition, structural noise introduced by platform-specific mechanisms
in social media comments was eliminated by removing fixed formatted
fields (e.g., “Reply username:”), as well as punctuation marks and emoji
symbols that do not convey linguistic semantic information. Based on the
characteristics of the Chinese language and the objectives of this study,
residual low-information terms such as quantifiers and subject-related terms
were further filtered.
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Overall, this rule-based filtering strategy effectively reduces noise in social
media text and yields a refined term set that better reflects users’ experiential
and attitudinal expressions, thereby improving the reliability of subsequent
text mining analyses (Aggarwal, 2018).

TF-IDF Feature Representation

To convert the filtered terms after noise reduction into quantitative features
suitable for analysis, the TF-IDF (Term Frequency-Inverse Document
Frequency) weighting scheme was adopted. TF-IDF is a widely used text
representation method that assigns higher weights to terms that are frequent
within a document but relatively rare across the entire corpus, thereby enhancing
their discriminative power (Salton and Buckley, 1988; Manning et al., 2008).

In this study, TF-IDF was applied to the refined term set obtained after rule-
based filtering. By down-weighting ubiquitous terms and emphasizing more
informative ones, TF-IDF provides a compact and interpretable representation
of term importance within user comments, and has been extensively used in
information retrieval and text analysis tasks (Singhal et al., 1996).

Generally speaking, the TF-IDF representation effectively captures
the relative importance of terms in user comments while maintaining
interpretability, making it well suited for subsequent exploratory analyses in
this study.

CLUSTERING AND SENTIMENT ANALYSIS
Clustering Analysis Based on Term Vectors

After TE-IDF feature representation, clustering analysis was conducted to
explore latent semantic structures in user discussions. In this study, clustering
was performed at the term level rather than the comment level. Each term
was represented by its TF-IDF distribution across all comments, allowing
the analysis to capture differences in how terms are used across discussion
contexts. In parallel, raw word frequency statistics were computed to provide
a complementary overview of commonly mentioned concepts (Salton and
Buckley, 1988; Manning et al., 2008).

Because the original term vectors are high-dimensional—where each
dimension corresponds to an individual comment—direct clustering in the
original space may lead to instability and cluster degeneration. To improve
robustness, Truncated Singular Value Decomposition (Truncated SVD) was
applied to project the high-dimensional term—comment matrix into a lower-
dimensional latent semantic space, preserving dominant co-occurrence
patterns while reducing noise and sparsity (Deerwester et al., 1990). The
reduced term vectors were then L2-normalized to ensure that clustering
was driven by similarities in usage patterns rather than absolute frequency
differences (Singhal et al., 1996).

Following these preprocessing steps, K-means clustering was applied to
the normalized term vectors, with the number of clusters set to 4. This choice
prioritizes semantic interpretability and stability over mathematical optimality,
making it suitable for exploratory analysis of user experience-related content
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(MacQueen, 1967). To characterize each cluster, terms were ranked by their
average TF-IDF values within the cluster, and top-ranked terms were selected
as representative keywords for semantic interpretation and visualization.
This clustering strategy enables the identification of distinct groups of
terms that share similar usage patterns across user comments, providing an
interpretable representation of recurring themes in user discussions.

Lexicon-Based Sentiment Analysis

To examine the overall emotional tendencies expressed in user comments,
a lexicon-based sentiment analysis approach was adopted. In this study,
sentiment polarity was identified using the National Taiwan University
Sentiment Dictionary (NTUSD), which provides curated lists of positive and
negative sentiment terms and has been widely used in Chinese sentiment
analysis research (Ku & Chen, 2007).

After term filtering and feature extraction, each comment was analyzed
by matching its constituent terms against the NTUSD sentiment lexicon. For
each comment, the numbers of positive and negative sentiment terms were
counted to characterize its emotional orientation. Compared with supervised
learning approaches, the lexicon-based method offers greater transparency
and interpretability, making it well suited for exploratory analysis of large-
scale, unlabeled social media data.

To reduce the influence of comment length and uneven term distributions,
sentiment scores were normalized by the total number of terms in each
comment. In addition to separate positive and negative counts, a net
sentiment score was computed as the difference between positive and
negative sentiment term frequencies, providing a concise indicator of overall
emotional tendency.

This sentiment analysis strategy enables a straightforward assessment
of users’ general attitudes expressed in the comments, complementing the
clustering analysis by adding an affective perspective to the interpretation of
thematic patterns.

RESULTS AND DISCUSSION
High-Frequency and TF-IDF Term Analysis

Figure 2 presents the top 30 terms ranked by word frequency and TF-IDF
values, providing an overview of the most salient concepts in user discussions
related to knee exoskeletons. The word frequency results show that terms
such as exoskeleton, hiking, knee, calorie, and mount occur most frequently
across the comment corpus. These high-frequency terms indicate that user
discussions are predominantly centred on physical assistance, body-related
experience, and hiking scenarios. Overall, the frequency-based distribution
suggests that users primarily focus on practical usage and perceived physical
effects rather than technical specifications.

In contrast, the TF-IDF ranking highlights terms that are more context-
specific and discriminative across different comments. Terms such as
photographer, Great Wall, Mount Tai, price, and experience appear
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prominently, reflecting discussions grounded in concrete usage contexts,
personal experiences, and cost-related considerations. Compared with raw
frequency results, TF-IDF terms capture less common but more distinctive
aspects of user discourse, indicating diversity in how users describe and

evaluate knee exoskeletons.

Clustering Analysis of High-Frequency Terms
Based on the term-level clustering results, high-frequency terms were
grouped into four clusters, each representing a distinct semantic pattern in
user discussions. Table 1 lists the top 30 representative terms for each cluster,
ranked by their average TF-IDF values.

Table 1 presents the representative terms for each cluster, ranked by their
average TF-IDF values. Cluster 0 is dominated by general conversational
and platform-related terms, including reply expressions, interaction-related
words, and social references, reflecting common communication patterns on
social media platforms.

Clusters 1 to 3 contain terms that are more closely related to knee
exoskeletons. Cluster 1 includes terms associated with specific usage
scenarios and practical considerations, such as hiking locations, physical
conditions, and cost-related factors. Cluster 2 is characterized by terms

describing user perceptions and experiential responses, including perceived
effectiveness, walking experience, and related equipment. Cluster 3
comprises terms related to product-specific perception and contextual
references, including technical attributes, usage conditions, and social or

regional references.
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Figure 2: Top 30 terms ranked by word frequency and TF-IDF values.
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Figure 3: Two-dimensional visualization of TF-IDF-based term clusters using
Truncated SVD.

Table 1: Representative terms for each cluster ranked by average TF-IDF values.

Cluster Number Top20 Words

0 Reply/Private message/Thanks/Thank you/Support/Like/Encouragement/
Agree/Indeed/Really/Maybe/Someone/Everyone/Video/Comment/
Share/Recommend/Understand/Feel/Watch/Introduction/Explain/Chat/
Communication/Interaction/Friends/Family/Online/Platform/Discussion

1 Photographer/knee/hour/Great Wall/goods/price/suit/Mount Tai/device/
activate/muscle/assistance/descending/trial use/older adults/reduced
effort/weight loss/D-WOLF/movement/assistive

2 Hiking/cable car/perception/experience/robot/impressive/
technology/walking/poor/external aid/brand/queue/scenery/link/
Equipment/yoga/company/Tianjin/effect/calories

3 Exoskeleton/realistic/Hong Kong/video/great/encouragement/
time/load/like/out of power/mobile phone/mechanical/protection/
China/rehabilitation/scenic area/altitude/authoritative/
recommendation/increasingly

Figure 3 shows the two-dimensional visualization of TF-IDF-based term
clusters. A distinct separation can be observed for Cluster 0, which is clearly
isolated from the remaining clusters along the first component. This cluster
contains a relatively sparse distribution of terms and does not exhibit strong
semantic coherence, suggesting that it primarily consists of low-informational
or weakly related terms rather than a meaningful discussion theme.

Clusters 1-3, on the other hand, are distributed in closer proximity within
the two-dimensional space, forming denser regions with partially overlapping
boundaries. Although these clusters are spatially adjacent, their overall
distributions differ in terms of density and central tendency, indicating that
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they represent related but distinguishable patterns of term usage. This result
suggests that user discussions are organized around multiple experiential
dimensions that share common vocabulary while maintaining distinct focal
emphases.

Overall, the clustering results reveal that user discussions of knee
exoskeletons are structured around multiple experiential dimensions, while
also containing a distinct layer of platform-related conversational content.
This structure highlights the multidimensional nature of user perceptions
and provides a basis for further interpretation in subsequent analysis.

Sentiment Analysis Results

The sentiment analysis results of user comments are summarized based
on the lexicon-based classification using the National Taiwan University
Sentiment Dictionary. After preprocessing, a total of 7,280 valid comments
were included in the analysis and categorized into positive, negative, and
neutral sentiment classes.

As shown in the results, neutral comments constitute the majority of the
dataset, accounting for 4,755 comments (65.3%). These comments mainly
consist of descriptive statements, inquiries, or neutral observations regarding
knee exoskeletons. Among the remaining comments with explicit emotional
polarity, 1,304 comments (17.9%) were classified as negative, while 1,221
comments (16.8%) were classified as positive.

positive

negative

neutral

Figure 4: Sentiment distribution of knee exoskeleton user comments.

Taken together with the clustering results presented above, these findings
provide further insight into the underlying factors shaping user perceptions
of knee exoskeletons.

The clustering results suggest that current user perceptions of knee
exoskeletons are largely shaped by mediated exposure and limited situational
experience rather than sustained personal use. A substantial portion of high-
frequency terms is associated with videos, demonstrations, and specific
tourist destinations, indicating that many users form their impressions
through online visual content or short-term trial experiences in scenic areas.

User discussions therefore tend to emphasize visible features, technological
novelty, and immediate assistance effects, while topics related to long-term
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comfort, reliability, and continuous usability appear less prominent. This
pattern suggests that public understanding of knee exoskeletons may still
be at an early stage of adoption, where perceptions are influenced more by
media representation and contextual exposure than by extensive hands-on
experience.

When considered alongside the sentiment analysis results, the slightly
higher proportion of negative sentiment among emotionally polarized
comments may reflect cautious attitudes arising from practical concerns,
such as price, weight, and endurance, particularly when anticipated benefits
do not fully align with real-world application scenarios.

CONCLUSION

This study examined public perceptions of knee exoskeletons through
large-scale analysis of user-generated social media comments. The results
show that user evaluations are mainly experience-oriented, emphasizing
assistance effectiveness, comfort, and usage contexts, and are inherently
multidimensional. Sentiment analysis indicates that neutral expressions
dominate discussions, while negative opinions slightly outweigh positive
ones, reflecting generally cautious attitudes toward this emerging consumer-
oriented assistive technology. Overall, social media-based analysis offers
valuable insights into real-world usability concerns and supports user-
centered evaluation and iterative design of knee exoskeletons.
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