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Abstract: In the dynamic field of robotics engineering, nanorobot technology has witnessed rapid
advancements. Developing a technology roadmap is essential for quickly identifying the trends
and key technological aspects of nanorobotics from an array of multi-source data. Traditional
research methods, such as Delphi surveys, bibliometrics, patent analysis, and patent paper citation
analyses, often fail to capture the rich semantic information available. Moreover, these approaches
generally provide a unidimensional perspective, which restricts their capacity to depict the complex
nature of technological evolution. To overcome these shortcomings, this paper introduces a novel
framework that utilizes the ALBERT method combined with multi-source data for critical theme
extraction. It integrates varied data sources, including academic papers and patents, to explore
the interrelation within the nanorobot technology roadmap. The methodology begins with text
feature extraction, clustering algorithms, and theme mining to identify dominant technological
themes. Subsequently, it applies semantic similarity measures to connect multiple themes, employing
a “multi-layer ThemeRiver map” for a visual representation of these inter-layer connections. The
paper concludes with a comprehensive analysis from both the technological research and industrial
application perspectives, underscoring the principal developmental themes and insights of nanorobot
technology, and projecting its future directions.

Keywords: technology roadmapping; multi-source data; nanorobots; text feature mining; theme

mining; ThemeRiver map

1. Introduction

In recent years, emerging technologies such as artificial intelligence, information tech-
nology, medical technology, and nanotechnology have continuously transformed existing
industries [1]. The development of nanomaterials has particularly catalyzed in-depth
research into nanorobot technology, emphasizing materials, structures, and control meth-
ods [2-5]. This research has been further enhanced by the innovative applications of big
data and artificial intelligence, which are becoming fundamental to the advancement of
nanorobot technology [6,7]. In this context, nanomaterials act as the critical building blocks
for the creation of sophisticated nanorobots, effectively bridging the gap between material
science and robotics. However, the innovation and development of nanorobot technology
have encountered significant challenges. Firstly, the knowledge base of nanotechnology
is progressively expanding and becoming more specialized. The field of nanorobotics is
experiencing significant convergence with other subfields, making it challenging to define
a clear technological roadmap [8]. Zhou et al. compared the knowledge bases of wind
turbine firms, emphasizing the importance of a broad and deep knowledge base for tech-
nological advancement [9]. Similarly, the complex architecture of nanorobots requires a
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comprehensive understanding that spans across various technological domains. This inter-
disciplinary nature, involving engineering, life sciences, and medicine, presents challenges
in developing fully functional nanorobots for critical applications such as cancer therapy,
site-specific drug delivery, and advanced surgery [10]. The absence of novel methods to
detect and specify abrupt changes in technological, market, and institutional dimensions
has been a limiting factor in the field’s progression [11]. Notably, interdisciplinary inte-
gration is essential in identifying and fostering emerging technological fields. Kong et al.
underscore that the convergence of knowledge across disciplines is crucial for the early
identification of emerging technologies. By tracking citation networks between different
scientific fields and applying machine learning techniques such as topology clustering and
network visualization, their study illustrates how knowledge flow between disciplines fos-
ters new areas of innovation. This process-based approach emphasizes the dynamic nature
of technological emergence, highlighting the importance of integrating knowledge from
diverse fields to develop novel technologies [1]. Interdisciplinary integration is not only a
pathway to technological convergence, but is also a critical method for detecting the early
formation of emerging technologies across various domains. Secondly, the rapid develop-
ment in nanorobot technology is driven by continual breakthroughs in nanotechnology,
generating a vast amount of diverse technological and application data at different levels.
This demands iterative innovations in data analysis and application methods, particularly
for big data applications, which involves integrating techniques from artificial intelligence,
nanotechnology, and embedded smart sensors to address complex challenges in medical
procedures, early disease diagnoses, and patient monitoring [12]. Thus, outlining the
development trajectory of nanorobot technology, understanding its technological evolution
patterns, and constructing a technology roadmap with the interrelations across various
thematic dimensions are of significant practical importance.

Technology roadmaps were originally applied in the automotive industry, where
related companies utilized them to reduce manufacturing costs. In the 1980s, Motorola
and Corning employed technology roadmaps for corporate management and enterprise
development planning. Various scholars have conducted in-depth research on technol-
ogy roadmaps, including Professor Phaal from the UK, who proposed roadmap drawing
methods such as T-Plan [13] and S-Plan. Traditional technology roadmap development
methods have favored Delphi surveys, relying on expert knowledge to identify techno-
logical, industrial, and product themes. They often encounter difficulties in analyzing
the semantic content within technological texts. Some scholars have sought to enhance
expert interactions with objective data, but they have often used a unidimensional data
analysis to track technological evolution trends. Technological development is diverse,
and the semantic information in multi-source text data contains more hidden information
that is challenging to identify, such as how technology drives product development and
how the market propels technological advancements. Analyzing the evolution of themes
from a multi-dimensional perspective can provide a more comprehensive understand-
ing of the direction of technological development in a field and enhance the quality of
technology roadmaps.

In the context of a multi-dimensional perspective topic analysis, the selection of an
appropriate model is critical due to the need to handle diverse datasets and facilitate a
detailed topic extraction and analysis. ALBERT, short for A Lite BERT and developed by
Google in 2019, represents an advanced version of BERT that mitigates issues related to a
large parameter size and a high computational demand. ALBERT introduces cross-layer
parameter sharing and factorized embedding parameterization, which significantly reduce
the model’s parameter count, thereby enabling the processing of larger datasets within
constrained computational limits [14]. These modifications not only enhance the efficiency
of the model, but they also improve its regularization, leading to better generalization
across tasks. This is particularly advantageous for analyzing multi-topic texts, especially in
applications involving diverse and cross-domain textual datasets [15]. When compared
to other models, such as the RoBERTa, DistilBERT, and GPT models, the ALBERT model
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stands out for its lightweight architecture and superior performance in the granularity of
topic analyses. Consequently, the ALBERT model is selected for its robust performance in
the analysis of multi-thematic texts.

Regulatory, ethical, and safety issues associated with deploying nanorobots and tech-
nology roadmapping should be considered thoroughly in practice in the first place. This
paper focuses on the technological developments of nanorobots using a novel technology
roadmapping method. It introduces an innovative framework that utilizes the ALBERT
method to refine and interpret nanorobot technology themes, thereby enhancing the un-
derstanding and strategic planning within this domain [16]. It employs text information
mining and presents a nanorobot technology roadmap interrelation analysis framework
based on the ALBERT method. This approach improves traditional technology roadmap
construction methods in two ways: firstly, this paper utilizes automated phrase mining
to refine key themes, substantially enhancing the depth of information extraction and the
interpretability of nanorobot information, and thereby improving the efficiency and accu-
racy of technology roadmap analyses. Secondly, this paper examines interrelations in the
nanorobot technology roadmap from multiple text information sources and depicts them
more effectively using the ThemeRiver map method. As a result, this approach highlights
the current development focus of nanorobot technology and predicts future technological
application prospects.

2. Materials and Methods
2.1. Literature Review
2.1.1. Significance of Nanorobots

The concept of nanorobots is traceable to Richard Feynman’s groundbreaking 1959
lecture “There’s Plenty of Room at the Bottom”, in which he envisioned the possibility
of manipulating matter at the molecular or atomic scale [17]. This pioneering concept
not only laid the foundation for nanotechnology, but also heralded the emergence of
nanorobots. Feynman’s vision extended beyond mere miniaturization; it encapsulated the
precise manipulation of matter at its most fundamental level, foreseeing a future where
both manufacturing and medical interventions could be conducted on atomic or molecular
scales [17].

The significance of nanorobots has evolved substantially from Feynman’s initial vi-
sion, growing into a multidisciplinary field that encompasses physics, chemistry, biology,
and engineering. This interdisciplinary expansion is evidenced by the work of Qiu and
Nelson [18], who have explored the biomedical applications of magnetic helical micro-
/nanorobots, highlighting their potential for minimally invasive surgery and targeted
therapy. Nanorobots enable direct observation [19-21], functional assessments [22-24],
and manipulation [25-27] on the atomic, molecular, and nanoscale levels, greatly enhanc-
ing our understanding of nanoscale science. Recent advancements in nanorobotics have
demonstrated potential applications in targeted drug delivery, precision surgery, and envi-
ronmental remediation. For instance, nanorobots could be designed to navigate through
bodily fluids to deliver drugs with a high precision, minimizing the side effects and improv-
ing the therapeutic efficacy [2]. Zhang et al. [28] contributed to this field by exploring the
rational design of microalgae-based biohybrid materials, which integrate the photosynthetic
capabilities of microalgae with biocompatible materials for diverse biomedical applications.

The architecture of nanorobots encompasses an array of components, including very-
large-scale integration (VLSI) and nanoelectronic circuits, chemical and temperature sensors,
actuators, power supplies, and data transmission devices. For instance, Miao et al. [29] took
inspiration from the flagellar/ciliary intrinsic driven mechanism to develop an all-in-one
tubular robotic actuator, showcasing the potential for the use of a biomimetic design in
microrobotic systems. Lin et al. conducted a moderated mediating examination of inter-
mediaries” effects on corporate innovation, which could be relevant for understanding
the complex architecture of nanorobots and its impact on technological innovation [30].
The advent of emerging technologies in artificial intelligence, electronic information, and
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advanced materials has propelled nanorobotics forward, yielding significant research break-
throughs in biomedical applications, defense, environmental conservation, and industrial
manufacturing. Despite these advancements, the practical deployment of nanorobots faces
myriad challenges [31-39] due to their nanoscale dimensions, which complicates the inte-
gration of multiple functionalities into a single unit. In biomimetic nanorobotics, preserving
the biological activity while ensuring sensing accuracy remains difficult. Additionally, a
single nanorobot can typically perform only one task, making the synchronization and
coordination of multiple nanorobots for various tasks a theme worthy of exploration. There-
fore, understanding the development trajectory and future trends of nanorobot technology
requires thorough analysis and careful study.

2.1.2. Current Technology Roadmapping Method

A technology roadmap can be viewed as a structured framework based on the dimen-
sion of time, and can be used for managing innovation strategies through layered thematic
representations [40]. It explores the evolutionary relationships among technology, markets,
and products, effectively aligning technological advancements with business objectives [41].
The structure of “layers” and “sub-layers” is crucial because it reflects the fundamental
direction in which an organization addresses business issues. It facilitates communica-
tion between different business departments and integrates key business processes [42].
This layered structure is instrumental in fostering communication across various business
departments and in the integration of essential business processes, thereby enhancing
strategic coherence and operational efficiency [41].

Currently, there are three main methods for developing technology roadmaps: qualita-
tive analyses, bibliometric analyses, and intelligent analyses. A qualitative analysis is the
most widely applied method for creating technology roadmaps. Many scholars support
and validate technology roadmap frameworks through qualitative case studies. Some
scholars develop roadmaps through workshops, incorporating qualitative knowledge from
various experts and continuously iterating the roadmap development process [43—45]. A
bibliometric analysis, on the other hand, involves quantitatively parsing textual data to
identify thematic elements in a field. It uses data metrics to identify the direction of tech-
nological research, further supporting the development of technology roadmaps through
methods like network analyses and text mining [46—48]. For instance, Wang et al. presented
a pioneering approach that combines bibliometrics with a patent analysis to understand
the technological trends and future directions of nanogenerators. By drawing data from
the Web of Science and the Derwent World Patents Index, this study visualized the existing
technological trajectory and identified key factors influencing the growth of the nano-
generator industry. The authors highlighted how bibliometric and patent analyses serve
as effective tools for tracking the development of new technologies and predicting their
future applications [47]. Similarly, Liu et al. introduced a novel framework for unveiling
the evolutionary path of nanogenerator technology, emphasizing the use of multi-source
data. Their methodology involves integrating bibliometrics and a patent citation analysis
using sources like the Web of Science and the Derwent Innovation. This allows for a
comprehensive exploration of both scientific and technological advancements. Their study
particularly underscores the importance of text vectorization and clustering techniques in
extracting thematic trends from large datasets, thereby enhancing the depth of bibliometric
analyses [49]. Further expanding the scope of data sources, Liu et al. proposed an advanced
framework based on multi-source data to monitor the technology evolution pathways of
nanogenerators. Their study incorporated data from academic papers, patents, and grants,
sourced from the Web of Science, the Derwent Innovation Index, and the China Knowledge
Centre for Engineering Science and Technology. The combination of these data sources
offered a more detailed view of the progression from initial research (grants and papers) to
technological applications (patents). This multi-source approach is critical for identifying
the knowledge flow between academic research and technological innovation [50]. The
traditional technology roadmapping method has been critiqued for its limitations, particu-
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larly in its ability to address complex, multifaceted systems, where the interdependencies
and interactions across different technological layers are crucial. A significant drawback
of conventional roadmaps is their typically linear and siloed approach, which often fails
to effectively capture the dynamic interrelations and feedback loops that exist between
various technologies and sectors [42]. This can result in an oversimplification of technologi-
cal evolution and interdependencies, potentially leading to strategic misalignments and
inefficiencies in resource allocation [51]. Therefore, this paper emphasizes the interrelation
research among the different layers of the technology map.

In the era of big data, acquiring technology roadmap data has become easier. Conse-
quently, some scholars have considered using machine learning and intelligent analysis
methods to extract deeper knowledge from these technology roadmaps. Some researchers
have used text mining to extract keywords from technology roadmap data and combine
semantic analyses to uncover deeper insights from the data [52-55]. However, mining
from a single data source may not reflect the full picture of technological development. In
technology roadmap research, utilizing multiple data sources allows for a comprehensive
analysis of the current state and future trends in a field from various perspectives. The
interrelation between multidimensional data sources also enables the extraction of deeper
semantic information [56,57].

2.1.3. Representation of Multi-Dimensional Information

In the process of developing a technology roadmap for nanorobotics, expert interaction
is an indispensable and crucial step. During this stage, two core issues need to be addressed:
first, how to extract information from multiple sources of text, and second, how to effectively
present the collected textual information to experts so that they can efficiently and clearly
understand the objective data.

With the advent of the big data era, an increasing number of scholars are focusing
on the use and mining of heterogeneous data from multiple sources. Text information
extraction has become a research hotspot in the field of big data analyses. One of the earliest
methods used for text information extraction was keyword extraction, based on the word
frequency in textual information. Later, more complex methods were proposed, such as
TF-IDF and TextRank. An efficient means of understanding textual data is through the use
of theme modeling, which is an important method in current research for text information
extraction. To enable a computer to recognize and compute text data for extraction, text
data needs to be transformed into multi-dimensional vectors and analyzed in vector space.
However, a Chinese document may result in a vector space with tens of thousands of
dimensions, which can be challenging to analyze. Theme models can address this issue
by transforming high-dimensional vectors into low-dimensional ones while ensuring the
quality of information, making them suitable for subsequent analyses. This is analogous to
the approach taken by Kong et al., where a support vector machine-based classifier was
used to single out high-quality patents for each innovation attribute, thus providing a more
nuanced and accurate reflection of technological innovation [58].

2.1.4. A Multi-Layered ThemeRiver Model

Using the aforementioned theme modeling methods, it is possible to efficiently parse
multi-source text information and extract multidimensional data representing how themes
change over time. Themes at different time intervals can split or merge over time, and these
processes can be visualized using a ThemeRiver model. Also, inter-layer associations in
the technology roadmap are best presented using a “ThemeRiver map” to visualize. The
concept of a ThemeRiver map originates from their application in visualizing the evolution
of textual data. The methods for achieving this include ThemeRiver and TextFlow, with
TextFlow being an extension of ThemeRiver. TextFlow not only depicts how themes change
over time, but also how themes split and merge with time. For instance, a theme may
split into two at a certain point in time, or multiple themes may merge into one. This
visualization aids researchers in intuitively analyzing the patterns of evolution among
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themes. In recent years, researchers have enhanced ThemeRiver maps for use in theme as-
sociation and technology evolution analyses. The ThemeRiver model was firstly introduced
by Susan Havre and Memberai in 2002 and describes the evolution of themes in a large
number of documents over time in the form of a river, allowing domain experts to clearly
identify trends in theme evolution and compare the relationships between themes [59].
A ThemeRiver map represents an innovative variation of stacked area charts, specifically
designed to illustrate the evolution of themes or events over time. By employing a fluid,
river-like form, a ThemeRiver map adeptly conveys the temporal changes in different
categories of data, making them particularly adept at showcasing trends and shifts in
various values over a specified period [59]. Despite their advantages in data representation,
a ThemeRiver map poses certain challenges in practice, such as accurately interpreting
the relationship between changes in the stream width and the actual data volumes, and
managing densely packed data regions to avoid visual clutter [60]. Some scholars have
made improvements to the original river model, combining it with specific subfields to
expand the information dimension of the river model [49,61-67].

The concept of a multi-layered ThemeRiver map, as proposed in this text, aims to
extend beyond the capabilities of a single-layer ThemeRiver map by not only depicting the
temporal evolution, integration, and division of themes within individual layers, but also
expressing the interconnections between different layers. This approach necessitates the
application of topic identification and topic similarity computation techniques to analyze
and combine themes across layers, ultimately representing them within a single compre-
hensive visualization. In the realm of data visualization, the integration of multiple layers
into a ThemeRiver map introduces a more complex and nuanced representation of data,
enabling a deeper understanding of the intricate relationships between various thematic
layers over time. By employing topic identification techniques, each layer’s primary themes
are discerned, ensuring that the most relevant and significant themes are highlighted within
the visualization [68]. Subsequently, topic similarity measures, such as the cosine simi-
larity or the Jaccard index, are used to quantify the degree of similarity between themes
across different layers [69]. This quantitative analysis facilitates the coherent integration of
themes, allowing for a layered, yet interconnected, representation that encapsulates both
the intra-layer and the inter-layer dynamics.

In conclusion, a multi-layered ThemeRiver map represents a significant advancement
in data visualization techniques, offering a more intricate and interconnected portrayal of
thematic data over time.

2.2. Methodology

In this study, we focused on text information mining from multiple sources, encom-
passing both research papers and patents in the field of nanorobotics. We introduced an
innovative approach to theme modeling, designed to facilitate the integrative analysis of
multi-source data [70]. Our method, termed AKY (incorporating the ALBERT, K-Medoids,
and YAKE techniques), aims to conduct a domain analysis from the perspectives of both
technological development and product applications. The overarching objective was to
identify the principal areas of advancement and forecast future trends in nanorobotics
by exploring the interrelation of the nanorobot technology roadmap. The methodology
employed in our study is depicted in Figure 1.

There are four main steps in the process. Initially, Section 2.2.1 delves into data acquisi-
tion and preprocessing, elucidating the origins of the data and specific parameters like the
range of years considered. Section 2.2.2 presents an enhanced theme modeling technique
that employs the ALBERT model alongside text mining strategies, further decomposed into
three principal stages. Next, evolutionary trajectories were identified using the temporal
theme association analysis in Section 2.2.3. Lastly, inter-layer associations in the technology
roadmap were explored, and a visualization tailored for multi-dimensional data evolution
was introduced in Section 2.2.4, employing the D3 js-based ThemeRiver framework to
represent thematic trajectories and interrelations over time.
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Figure 1. Methods and Procedures.

2.2.1. Data Acquisition and Preprocessing

In this research, both paper and patent data were utilized, following the approach of
previous studies that have effectively drawn from sources such as the Web of Science and
the Derwent Innovation Index to analyze technological trends and advancements [47,49,50].
Firstly, we selected the Web of Science (WOS) database from Thomson Reuters and estab-
lished a retrieval strategy for paper searches based on keywords in the field of nanorobotics.
The paper data were restricted to the years from 2003 to 2022, and included information
such as paper titles, citations, abstracts, and more. Subsequently, our patent data were
sourced from the Derwent Innovation Index (DII) and the Derwent Innovation (DI) plat-
form. A patent retrieval query was devised using keywords and relevant classification
codes for the nanorobotics domain, with the retrieval year range also set from 2003 to 2022.
These data included patent names, citation information, timestamps, and abstracts. In the
end, we retrieved a total of 21,363 papers and 26,711 patents.

2.2.2. Enhanced Theme Modeling Method by Employing ALBERT and Text
Mining Techniques

In this paper, the theme modeling of multi-source text data comprised three steps:
technical feature vector mining, text vector clustering, and automated phrase mining.

1.  Technical feature vector mining based on the ALBERT algorithm: ALBERT builds
upon BERT, with improvements aimed at enhancing the model efficiency and scala-
bility. ALBERT achieves this by optimizing the parameter sharing in BERT, reducing
the model’s spatial complexity from 108 million to 12 million parameters. This results
in an improved training efficiency and improved generalization capabilities. In this
paper, ALBERT was employed for mining technical features, aiming to achieve a
unified representation of multi-source text data in the same semantic vector space.

2. Clustering feature vectors using the K-medoids algorithm: K-medoids is a clustering
algorithm based on actual data points, representing an enhancement over the K-
means algorithm. It employs actual data points as cluster centroids instead of the
mean points, enhancing the robustness and making it capable of handling noisy data
and outliers. K-medoids can better adapt to various data distributions.
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3. YAKE algorithm (Yet Another Keyword Extractor): YAKE is an unsupervised, ma-
chine learning, and statistical-method-based algorithm for extracting key phrases.
It starts by preprocessing the text, including operations like part-of-speech tagging
and stemming. Next, it calculates importance scores for each word using a series of
statistical features such as the TF-IDF, text frequency, text length, etc. Finally, unsuper-
vised machine learning techniques are used to rank these scores, with higher-ranking
phrases being considered more important. Unlike other phrase-mining algorithms,
YAKE does not require specific prior knowledge and can be applied to various types
of texts. Moreover, the extracted key phrases exhibit diversity, covering different
themes and contexts within the text.

2.2.3. Identifying Evolutionary Trajectories Through a Temporal Theme
Association Analysis

Analyzing annual data for each dimension can reveal more information. Therefore,
before conducting a temporal theme analysis, it was necessary to perform time slicing on
both the paper and patent data. This involved dividing the data into several intervals and
assigning texts to the corresponding time intervals based on their publication years.

The process of time slicing for both the paper and patent data is detailed in Table 1,
resulting in a division into six distinct time intervals. Subsequently, an analysis of temporal
theme evolution was carried out utilizing these six intervals.

Table 1. Time interval division.

Time Slice
Serial Number

Time segment 20032006  2007-2010 2011-2013 2014-2016 2017-2019 2020-2022

1 2 3 4 5 6

After temporal segmentation, we obtained the discrete distributions of themes and
their associated phrases across various time intervals. To evaluate the relationships between
these discretely distributed themes, the average cosine similarity method was applied. The
similarity between the average theme vectors was interpreted as the semantic similarity of
the themes, as these vectors were derived from the semantic space. The specific process is
outlined as follows:

1. Separation of document clusters and feature extraction: First, each theme’s corre-
sponding set of phrases (document clusters) is separated by time intervals. The document
indices are then used to retrieve the corresponding text representation vectors (document
vectors), which are obtained from the previous topic extraction process.

2. Calculation of theme average vectors: After retrieving the document vectors, the
next step is to compute their average to generate a representative vector for each theme,
referred to as the theme vector. Assuming a theme contains multiple documents, each
represented by a high-dimensional feature vector, the average of these vectors provides the
semantic representation of the theme, termed the average theme vector. This vector serves
as a comprehensive representation of the theme within the semantic space.

3. Cosine similarity calculation: For distinct themes across adjacent time intervals
(referred to as theme pairs), cosine similarity is employed to measure their semantic
similarity. The cosine similarity (sim) is defined as follows.

B Yitq AirBi
VI AF [T B

where A; and B; are vectors from the matrix. This calculation produces a value between
0 and 1, where a value closer to 0 indicates greater semantic similarity between the
themes [69].

sim(A,B) =1 1)
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4. Setting the similarity threshold: The association between different themes depends
on the selection of the similarity threshold, with the aim of maximizing meaningful infor-
mation while minimizing noise. A traditional approach was adopted in this study to set
the threshold, reducing invalid associations and minimizing noise. Specifically, themes
with fewer documents were excluded, and the first significant inflection point on the cosine
similarity curve was selected as the threshold. This ensured the reliability and interpretabil-
ity of the associations, leading to a more structured, comprehensible, and informative
technology roadmap.

2.2.4. Inter-Layer Associations and Visualization of the Technology Roadmap

This paper primarily extends upon the TextFlow-based ThemeRiver map framework
discussed in Section 2.1.4, employing D3.js for its implementation. It introduces a visual-
ization solution tailored for multi-dimensional data, specifically designed to represent the
evolution paths of themes. This constitutes the significant contribution of this work.

As depicted in Figure 2, which shows the enhanced single-layer ThemeRiver map
framework based on the D3.js visualization library, a graphical representation of thematic
evolution over time was observed. The red dots situated on the thematic “rivers” signify
pivotal themes at each time layer, and the accompanying text labels the themes accord-
ingly. The distinct colors of the river streams symbolize different themes, and the varying
thickness of these streams reflects the intensity of key themes throughout the given time
periods. Vertical lines intersect the flow at designated intervals, marking the division of
time-sliced data.

2003~2006 2007~2010 2011~2013 2014-~2016 2017~2019 2020~2022
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Figure 2. Enhanced Single-Layer Technology ThemeRiver map.

This visualization effectively communicates the dynamic progression and transforma-
tion of themes, providing a clear visual narrative of how certain topics have either emerged,
developed, or waned in significance over the years. By interacting with the red dots, one
can access further details regarding the themes, such as related phrases and connections
between them. This facilitates a comprehensive understanding of the thematic landscape
within the field under study, demonstrating not only the individual trajectory of each
theme, but also their interrelation and overall trends over time.

3. Results and Discussion
3.1. Multi-Source Theme Identification and Association

This section builds on the AKY theme modeling method introduced in Section 2.2,
applying it to a tripartite framework comprising the technology, industry, and product
layers. The initial phase involves extracting feature vectors from the data within each
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layer, utilizing an optimized ALBERT model for this purpose. Following feature extraction,
the K-medoids algorithm is applied to conduct a cluster analysis on the feature vectors
specific to the technological domain. The optimal number of clusters, referred to as K, is
determined using the CH (Calinski-Harabasz) index. For the purpose of this analysis, the
technology layer is segmented into five themes, whereas the application layer is dissected
into four. Thus, there are nine themes in total for both the technology and application
layers, as shown in Table 2.

Table 2. Clustered themes and corresponding top 5 phrases.

Number Theme Phrases

Flexible tactile sensor; CNT-based
nanodevice; flexible strain; mechanical
properties; nano-CW NR matrix

Molecular machine; DNA polymers; DNA
2 DNA molecule recognition computing device; DNA nanotechnology
development; DNA surface

Flexible pressure sensor
technology

Scanning electron microscopy; transmission
3 Precision imaging microscopy; scanning electron; universal
testing machine; electron system

Nanostructure; nanotechnology;
4 Nanostructure design performance DT RF model; nanoscale
engineering; nanomaterial assembly

Nano-surface treatment; nanoprocessing
5 Nanomachine processing technology; molecular self-assembly;
nano-sensors; nanodevices

Pollution monitoring; risk assessment;
6 Pollution control bioaccumulation of nanomaterials; ecological
impact; nanoparticle regulation

Gradual release; drug release pattern;
nanomaterial release properties;
microenvironment responsiveness; enhanced
permeability and retention (EPR) effect

7 Drug release

Dispersion performance; synthesis process;
8 Composite preparation nano-coating materials; interface shear;
interface modification

Nanodrug monitoring; nanoparticle tracking;
9 Treatment monitoring dynamic observation; nanodrug distribution
investigation; real-time monitoring

Once the clustering is complete, theme labels are assigned to each data point, reflecting
their membership within the identified clusters. With the YAKE algorithm’s parameters
duly configured, the subsequent step involves mining for key phrases within each cluster.
YAKE is a keyword extraction method based on statistical features that can automatically
extract key phrases from text without relying on external corpora, reflecting the core content
of each cluster. From this extraction process, the five most representative theme phrases
per cluster are identified, as shown in Table 2. These phrases are then synthesized to extract
the core themes characteristic of each layer, providing a thematic map that guides the
understanding of the data dimensions. These core themes effectively capture the essential
content of each cluster, and an in-depth analysis of these themes enables a comprehensive
understanding of the potential applications of nanorobotics across various domains. For
instance, themes such as “flexible pressure sensor technology” and “nanomachine process-
ing” reflect the application prospects of nanorobotics in manufacturing and biomedicine.
Similarly, themes like “DNA molecular recognition” and “precision imaging” highlight
the interdisciplinary integration of nanorobotics with fields such as biology and chemistry.
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Moreover, themes such as “pollution control” and “drug release” underscore the potential
of nanorobotics in environmental protection and precision medicine.

Subsequently, this section methodically sets forth the establishment of theme associ-
ations within discrete layers. Initially, technical feature vectors, which are aligned with
specific themes, are derived for each time interval. The next step involves computing the
average cosine similarity across all the technical feature vectors for each theme within
the given time intervals. Thereafter, a critical part of the analysis is defining a similarity
threshold, which is pivotal for associating themes, both within the same interval and across
various intervals. The task of selecting an appropriate cosine similarity threshold is of
paramount importance in theme association. This research aimed to calibrate the threshold
at the maximum feasible level that still permits a valid association analysis. This careful cal-
ibration is intended to minimize the introduction of extraneous variables and to accentuate
the authentic developmental patterns that emerge from the theme evolution analysis.

Upon the computation of cosine similarity for themes across consecutive time intervals,
a collection of 405 cosine similarity measures were generated. These measures were arrayed
in descending order, from which the uppermost 60 values were chosen for establishing
associations, based on the presupposition that themes within identical time intervals are
inherently associated. The experimental results yielded a collection of 60 associations
between themes. Within this collection, 45 associations were found to be between identical
themes, which suggests a persistent or strengthening presence of these themes over the
analyzed time periods. The remaining 15 associations were identified amongst distinct
themes, suggesting an evolutionary trajectory or convergence between different thematic
areas within the time frame analyzed.

To validate our method qualitatively, “flexible pressure sensor technology” as a
topic was searched in the Web of Science core collection, showing 1823 science publi-
cations from 2023 to 2024. Similarly, searching for “DNA molecule recognition” yielded
1726 publications. The details of the retrieved result are presented in Table 3, which pro-
vides qualitative validation that our method successfully identified potential candidates
for future research. For each theme, several related papers are referenced in the table.

Table 3. Number of related-topic papers (corresponding to themes from Table 2) from the years 2023
to 2024.

Number Theme Paper Number (2023-2024)
1 Flexible pressure sensor technology 1823 [71,72]
2 DNA molecule recognition 1726 [73,74]
3 Precision imaging 20,953 [75]
4 Nanostructure design 2437 [76,77]
5 Nanomachine processing 2433 [78,79]
6 Pollution control 13,715 [80,81]
7 Drug release 27,363 [82,83]
8 Composite preparation 13,784 [84,85]
9 Treatment monitoring 35,885 [86,87]

3.2. Visualization and Comprehensive Analysis of Inter-Layer Association in Multidimensional
Technology Roadmapping

This section delves into a detailed visualization and comprehensive analysis of the
inter-layer associations in the multidimensional technology roadmap for nanorobotics,
drawing from data synthesized from both research papers and patents. Figure 3 illustrates
a multi-layer ThemeRiver map, a graphical tool that concurrently represents themes from
the technology and application layers, providing a visualization of their temporal evolution.
The phrases above the red dots on each river are identical. For example, along the top blue
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river, each red dot represents the phrase “flexible pressure technology” across different
time segments.

To improve the readability of Figure 3 and provide a clearer understanding of its
complex informational structure, Figures 4 and 5 present magnified views of Zones 1 and 2,
respectively, from Figure 3.

2003~2006 2007~2010 2011~2013 2014~2016 2017~2019 2020~2022

Zone2: Storage Innovation

Bire sensor technology

ONA mofecule recogrition
DNA mescule recogrition

ONA mejscule recogrition o — - precgion imaging
precgionimaging - nanosgucture design

nanosgucture design

| compegie preparation

reatiggnt monitoring

Zonel: Interactive Innovation

reatment moritoring

Figure 3. Multi-layer ThemeRiver Map for Nanorobotics.

structure design
L]

2ent monitoring
glg release

treatm.ent monitoring

Zonel: Interactive Innovation

Figure 4. Zoomed-in Zone 1: Interactive Innovation.

Zone2: Storage Innovation

Figure 5. Zoomed-in Zone 2: Storage Innovation.
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The map from Figure 3 delineates the development and interconnection of 54 themes
over time. The width of the “river” or “flow” correlates with the relative prominence of each
theme during different time frames, indicating their respective impacts within the industrial
robotics sector. The upper five streams of the river map trace the thematic changes within
the technology layer, while the lower four streams pertain to the application layer.

An examination of the overall river map revealed that, prior to 2014, the theme
intensities were comparatively subdued, with the research primarily converging towards
precision imaging and pollution control. This suggests that, during this phase, nanorobotics
research was in a nascent stage, with significant breakthroughs largely confined to precision
imaging and, to a lesser extent, pollution control applications. Post-2014, the themes
represented in the subsequent intervals demonstrate a more robust presence, signifying a
blossoming of both the development and the industrial application of nanorobot technology.
The involvement of researchers from a wide array of disciplines signaled a flourishing
period of research and development activity.

In Zone 1, spanning 2007-2010 and 2011-2013, despite the modest strengths of themes,
there was a notable incidence of associations, mergers, and divergences between themes
across the two dimensions of nanorobotics. For instance, flexible pressure sensor tech-
nology was seen converging with nanomachine processing in the context of treatment
monitoring applications. Additionally, nanomachine processing experienced a confluence
and subsequent separation with treatment monitoring and drug release applications. This
trend underscores a period of dynamic interaction and the integration of technology and
applications, and is thus termed “interactive innovation”.

This dynamic interaction observed in our roadmap is less apparent in traditional
methods, such as those used by Wang et al. [47] and Liu et al. [49], which tend to present
more static representations of technological themes and their applications. By employing
multi-dimensional ThemeRiver mapping and cosine similarity, our approach offers a more
nuanced view of the interrelationships between technological and application themes,
capturing the convergence of themes like “Flexible Pressure Sensor Technology” and
“Nanomachine Processing” in a way that earlier methods did not.

Moving to Zone 2, which covers the periods 20142016 and 2017-2019, we observe
themes with relatively more significant strengths. Nonetheless, the inter-theme activities
such as associations, mergers, and splits appear less frequent. Nanomachine processing
is observed to interlink and then disassociate with treatment monitoring applications,
while other technological and application themes display minimal interconnections. This
pattern suggests a period of intensive research focus within nanorobotics, a time when
energies were being channeled into the research domain, setting the stage for future bursts
of innovative activity, hence termed “Storage Innovation”.

One of the critical observations made in this study is the differentiation of the proposed
method from existing approaches, particularly with respect to its capability to capture the
complex evolutionary pathways of nanorobotic technologies. In contrast to traditional
methods that often rely on a more linear or static representation of technological devel-
opment, such as those utilized by Wang et al. and Liu et al., our approach utilizes a
dynamic and multi-source data framework to map out the interdependencies between
various technological themes and their corresponding applications over time [47,49]. While
both Wang et al. and Liu et al. demonstrated the effectiveness of combining a bibliometric
analysis with patent citation data for roadmap development, these methods are constrained
by their reliance on specific datasets and the relatively siloed analysis of technology and
application themes. In comparison, our method introduces multi-dimensional ThemeRiver
mapping and cosine similarity measures that allow for a more integrated analysis of tech-
nological and application layers, providing a more nuanced understanding of the temporal
evolution and interaction of different themes. For instance, the clustering of themes like
“flexible pressure sensor technology” and “nanomachine processing” in Zone 1 of our
roadmap demonstrates a significant improvement in tracking the convergence of technolo-
gies and their applications. This level of granularity is less apparent in earlier methods,
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where the focus was on overarching trends rather than the detailed interactions between
specific themes.

The empirical results presented in this study further highlight the practical advantages
of our method. The identified “interactive innovation” phase (2007-2013) and “storage
innovation” phase (2014-2019) offer deeper insights into the dynamic interactions between
technology and application themes. These findings contrast with the more static represen-
tations in traditional roadmaps, where theme interactions are not as explicitly detailed or
temporally mapped.

These analyses provide a nuanced view of the multidimensional thematic evolution
and associations within the nanorobotics field. They offer invaluable insights for specialists
in the domain and for those constructing technology roadmaps. The multi-layer river
map not only furnishes a vivid interactive depiction of thematic evolution, but it also
augments the efficiency with which experts can interact with data. This sophisticated visual
representation and the accompanying comprehensive analysis serve as pivotal elements in
the development of a technology roadmap, ensuring the communication of high-quality
information for strategic planning and forecasting in the realm of nanorobotics.

4. Conclusions

This paper addresses the prevalent challenges of an insufficient analytical depth and
a singular analytical perspective within the study of nanorobotics technology roadmaps.
A novel theme modeling method, termed AKY, for multi-source text mining was intro-
duced, along with a multi-layer river map approach to visualize inter-layer associations in
technology roadmaps, thus enabling a multidimensional analysis of thematic evolution
by effectively integrating multiple data sources with expert knowledge. Consequently;, it
facilitates the rapid identification of key themes by experts, thereby improving both the
quality and efficiency of the nanorobotics technology roadmap development process.

The implementation of automated phrase-mining algorithms has been demonstrated
to enrich the thematic content and augment its interpretability. For instance, in the
nanorobotics technology roadmap outlined in this document, key themes such as treat-
ment monitoring and flexible pressure sensor technology were significantly expanded.
Moreover, the utilization of technology feature vector mining, which unifies disparate
data sources and types into a singular vector space, combined with clustering algorithms,
effectively facilitated the correlation of multi-source text data. An analysis of the inter-
layer associations on the river map revealed that the current focal points of nanorobotics
technology development are centered around DNA molecule recognition and flexible pres-
sure sensor technology, with significant potential applications in pollution control and
treatment monitoring.

However, several limitations of the current research need to be acknowledged, along
with recommendations for future research:

1. Focus on technological development: The technology roadmap encompasses
two key dimensions: the intrinsic development of technology, which follows its natu-
ral trajectory, and the market-driven forces that influence how technology impacts the
market. Our study primarily focused on the intrinsic technological progression without
addressing the impact of market forces. While the analysis effectively captured the natural
development trends in nanorobotics, future research should incorporate market dynamics
to provide a more comprehensive roadmap. For instance, integrating expert knowledge
could further enhance the analysis and help develop a roadmap that accounts for both
technological advancements and their market implications.

2. Scalability and Adaptability to Other Domains: While the AKY method and multi-
layer ThemeRiver model have proven effective for analyzing nanorobotics, their scalability
and adaptability to other technological domains or industrial sectors remain to be tested.
Future research could focus on applying this framework to other emerging technolo-
gies, such as artificial intelligence, renewable energy, or biotechnology, to evaluate its
flexibility and usefulness across a range of fields. Comparative studies between these dif-
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ferent applications would provide valuable insights into the framework’s generalizability
and scalability.

In conclusion, this research introduced a pioneering approach to deepen and broaden
the analysis of nanorobotics technology roadmaps. It provides significant insights into the
development trends and key themes within the field, while laying the groundwork for
future improvements, particularly in the areas of data integration, empirical validation,
and applications across broader technological landscapes.
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