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Step 1: Review Design & Scope Definition
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Predefined search strings applied
Period: 2020-2025 | Language: English

l77 Studies Included in Final Review]

The integration of human interaction techniques in digital twin (DT) systems has
become increasingly important in manufacturing, industrial automation, and remote
operations, particularly for robotic arm control. However, existing approaches joystick
control, gesture-based input, and virtual reality (VR) are often disconnected across
modalities, limiting effectiveness in real-time environments. The research contribution
is a systematic literature review (SLR) that critically analyzes and synthesizes
interaction techniques to identify performance trends, evaluation gaps, and design
challenges in virtual robotic arm control within digital twin frameworks. The review
covers studies published between 2020 and 2025, selected to reflect the rapid
emergence of immersive technologies in real-time digital twin systems. Following
PRISMA 2020 guidelines, 180 records were identified from IEEE Xplore, Scopus, and
Web of Science, from which 77 peer-reviewed studies were selected. Interaction
techniques were evaluated using task completion time, positional accuracy, NASA
Task Load Index (NASA-TLX), and System Usability Scale (SUS). The findings
reveal that VR-based techniques dominate due to their intuitiveness and immersive
experience in human-in-the-loop control. However, evaluation remains inconsistent
across studies, with significant variation in metrics and experimental setups. Latency
and synchronization were identified as critical challenges in real-time control, where
delays degrade precision and responsiveness. Traditional methods such as joysticks
offer stability but lack the natural interaction of immersive techniques. These findings
underscore the need for standardized evaluation frameworks and improved
synchronization strategies, offering practical guidance for designing robust, human-
centered digital twin interaction systems for robotic arms.
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1. INTRODUCTION

Digital twin (DT) technology has emerged as a foundational component of modern cyber physical
systems, enabling real-time, bidirectional synchronization between physical assets and their high-fidelity
virtual counterparts. A digital twin is defined as a continuously updated virtual model that supports monitoring,
simulation, prediction, and control throughout the system lifecycle [1][2]. Unlike conventional simulation
models that operate independently of physical systems, digital twins maintain a live connection with real world
data, enabling dynamic updates and real-time decision support [3]. Within the widely referenced five
dimension DT model comprising physical entities, virtual models, connection layers, data management, and
services the interaction layer serves as the critical interface through which human operators perceive,
command, and collaborate with the system in real time [1]. This architecture has positioned DT technology as
a key enabler of intelligent manufacturing, advanced robotics, and human—robot collaboration frameworks. In
robotics, digital twins play a critical role in enabling safer system development, remote operation, and operator
training, particularly for robotic arm systems [4]. Robotic arms are widely deployed in industrial tasks
including pick-and-place operations, assembly, and precision manipulation applications that demand accurate
motion control, continuous feedback, and reliable real-time responsiveness. Digital twin systems allow these
tasks to be simulated, monitored, and optimized in real time, reducing operational risks and improving
efficiency [2],[5][6]. The integration of digital twins with human—robot collaboration frameworks further
enhances system flexibility [7] and supports interactive control in complex, high-stakes environments [8].

User interaction is a central component of digital twin—based robotic arm systems, directly influencing
usability, task performance, and operator workload. Traditional methods such as joysticks and teach pendants
remain widely used for their reliability, but they often lack intuitiveness when controlling robotic arms with
multiple degrees of freedom, increasing cognitive load during complex manipulation tasks. To address these
limitations, recent research has explored more natural and immersive approaches, including virtual reality
(VR)-based teleoperation, gesture-based interfaces, and haptic feedback mechanisms [9][10]. These human-
centered approaches aim to improve spatial awareness, enhance user experience, and enable more intuitive
mapping between human motion and robotic control within human-in-the-loop environments [11]. Advancing
such interaction designs carries direct practical significance: more intuitive interfaces reduce operator error and
cognitive workload, improve task precision and safety in high-risk environments [12], and support more
effective human—robot collaboration across industrial and remote operation contexts.Despite the growing body
of research, existing studies on user interaction for robotic arm digital twins remain disconnected across
interaction modalities, evaluation methods, and system design frameworks. Many works focus primarily on
technical aspects such as system architecture or communication protocols, while human-centered evaluation
and usability analysis are often limited or inconsistently reported. Latency and synchronization between the
physical robotic arm and its digital twin also present significant ongoing challenges, as even minor delays can
negatively affect control stability, responsiveness, and user experience [11]. These issues are compounded by
trade-offs between synchronization strategies including local processing, cloud-based architectures, and
predictive techniques none of which has emerged as a clear standard [13].

This review focuses specifically on robotic arms due to their widespread industrial deployment and their
higher interaction complexity relative to other robotic systems such as mobile robots or unmanned aerial
vehicles. Unlike mobile or aerial systems, robotic arm manipulation demands precise multi-axis coordination,
continuous real-time feedback, and intuitive operator control making the quality of human interaction a
decisive factor in system performance and safety. The review scope covers studies published between 2020
and 2025, a period marked by rapid advancement in immersive technologies and real-time digital twin
infrastructure, ensuring the analysis captures the most current developments in the field. To address these gaps,
this paper conducts a systematic literature review (SLR) following PRISMA 2020 guidelines, searching IEEE
Xplore, Scopus, and Web of Science for peer-reviewed studies published between 2020 and 2025. Unlike prior
reviews that focus narrowly on a single modality or system architecture, this review provides a cross-modal,
human-centered synthesis that integrates interaction classification, evaluation critique, and research gap
identification within a unified structured framework. The research contribution of this paper is threefold. First,
it provides a structured classification of user interaction techniques for robotic arms in digital twin
environments. Second, it critically analyzes existing evaluation methods and highlights inconsistencies in
human-centered assessment across studies. Third, it identifies key research gaps and proposes directions for
developing more effective, responsive, and human-centered digital twin interaction systems for robotic arms
[14].
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2. METHODS
2.1. Review Type and Strategy

This study adopts a hybrid systematic and scoping review approach to analyze user interaction techniques
for robotic arms in digital twin (DT) environments. A systematic literature review (SLR) methodology is
employed to ensure rigor, transparency, and reproducibility through predefined protocols, structured search
processes, and explicit inclusion and exclusion criteria [15][16]. Systematic reviews are widely recognized for
minimizing selection bias and enabling consistent synthesis of evidence across studies, particularly in
multidisciplinary domains.At the same time, elements of a scoping review are incorporated to capture the
breadth and diversity of research in this rapidly evolving field. Scoping reviews are particularly suitable for
mapping key concepts, identifying research trends, and exploring heterogeneous study designs without
restricting the analysis to narrowly defined experimental frameworks [17]. This is important in the context of
digital twin based robotic systems, where studies vary significantly in terms of interaction modalities, system
architectures, and evaluation approaches.

Established guidelines for rigorous review conduct further reinforce the structured screening and
synthesis protocols applied in this study, ensuring that methodological decisions are grounded in validated
evidence synthesis practices [18]. To operationalize this hybrid strategy, the systematic component is applied
during the study selection process, including database searching, screening, and eligibility assessment based
on predefined criteria. In contrast, the scoping component is applied during data synthesis, where studies are
categorized and analyzed based on interaction type, platform, and evaluation methods. This approach ensures
methodological rigor while allowing flexibility in capturing emerging trends and diverse research
contributions. By combining systematic and scoping methodologies, this study provides both a structured and
comprehensive understanding of user interaction techniques for robotic arms in digital twin environments. To
maintain consistency and reduce potential bias, screening and data extraction were conducted independently
by two reviewers. Any disagreements arising from differences between the systematic and scoping components
such as borderline eligibility decisions or categorization conflicts were resolved through discussion and
consensus, with a third reviewer consulted where agreement could not be reached. Figure 1 provides an
overview of the overall research methodology, illustrating the sequential steps from review design and database
searching through study screening, eligibility assessment, data extraction, and final synthesis.

Research Methodology Overview

Step 1: Review Design & Scope Definition

Hybrid SLR + scaping review approach
Research questions defined
Protocol registered (PRISMA 2020)

Step 2: Database Search

IEEE Xplore, Scopus, Web of Science
Predefined search strings applied
Period: 2020-2025 | Language: English

Step 3: Title & Abstract Screening

Two independent reviewers
180 records identified —» 140 after deduplication
50 excluded (irrelevant to scope)

Step 4: Full-Text Eligibility Assessment

Inclusion / Exclusion criteria applied
13 excluded (no real-time DT sync

or no human interaction component)

Step 5: Data Extraction & Quality Assessment

Predefined extraction framework (Table 2.0)
Pilot on 10 studies (=13%)
Quality scoring: QA criteria applied

Step 6: Thematic Synthesis & Analysis

Classification of interaction modalities
Comparative analysis across studies
Research gap identification

[77 Studies Included in Final Review

Figure 1. Overview of Research Methodology

Figure 1 presents the overall research methodology adopted in this study, following a structured hybrid
Systematic Literature Review (SLR) approach guided by PRISMA 2020 standards. The process begins with
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the review design and scope definition, where research questions are formulated and a review protocol is
established to ensure methodological rigor. This is followed by the database search phase using IEEE Xplore,
Scopus, and Web of Science with predefined keyword combinations and filters (2020-2025, English, peer-
reviewed) to ensure the relevance and quality of retrieved studies. Subsequently, title and abstract screening is
conducted by two independent reviewers after removing duplicate records to identify studies aligned with the
research scope. The selected studies then undergo full-text eligibility assessment based on defined inclusion
and exclusion criteria, excluding those lacking real-time digital twin synchronization or human interaction
components. Next, data extraction and quality assessment are performed using a predefined framework,
including pilot testing and quality scoring to ensure consistency and reliability. Finally, thematic synthesis and
analysis are carried out by classifying interaction modalities, comparing findings across studies, and identifying
research gaps. This systematic process results in a final selection of 27 studies, forming a comprehensive
foundation for further analysis and discussion.

2.2. Search Databases and Keywords

A comprehensive and systematic search strategy was employed to identify relevant studies on user
interaction techniques for robotic arms in digital twin (DT) environments. The search process was designed in
accordance with the PRISMA 2020 guidelines to ensure transparency, reproducibility, and completeness in
reporting the literature search procedure [19]. In addition, principles from PRISMA-S were considered to
enhance the documentation and structure of search strategies across multiple databases [20]. Three major
academic databases were selected for this review: IEEE Xplore, Scopus, and Web of Science. These databases
were chosen due to their extensive coverage of peer-reviewed literature in robotics, human—computer
interaction, and cyber—physical systems. Prior studies have emphasized that using multiple databases improves
retrieval quality and reduces the risk of missing relevant publications in systematic reviews [21]. The
combination of these databases ensures a broad and multidisciplinary covera ge of the research domain. Table
1 summarizes the databases used, search terms, and filtering criteria applied in this study. The selection of
databases and search strategy is supported by established systematic review guidelines and retrieval studies
[19][20]. For Scopus, the adapted search string used was: TITLE-ABS-KEY (“digital twin" AND (“robotic
arm" OR "robot manipulator’”) AND (“user interaction" OR "teleoperation" OR "virtual reality” OR "gesture
control" OR "haptic feedback™)) AND PUBYEAR > 2019 AND PUBYEAR < 2026 AND LANGUAGE
(english). An equivalent field-tagged string was applied in Web of Science using the TS= (Topic) field operator.
The complete search strings are available from the corresponding author upon request. To validate the search
strategy, a pilot search was conducted prior to full execution, and the resulting string was reviewed by a subject
expert to confirm coverage and minimize retrieval gaps.

Table 1 summarizes the search strategy applied across the three selected databases. IEEE Xplore was
selected as the primary source due to its extensive coverage of robotics, control systems, and engineering
publications [19][20]. Scopus and Web of Science were included to broaden interdisciplinary coverage across
human—computer interaction, cyber—physical systems, and digital twin research [21]. All three databases were
searched using consistent keyword combinations centred on digital twin, robotic arm, user interaction,
teleoperation, virtual reality, gesture control, and haptic feedback, with filters restricting results to peer-
reviewed English-language publications from 2020 to 2025. This multi-database approach ensures
comprehensive retrieval and reduces the risk of missing relevant publications across disciplinary boundaries
[19][20].

Table 1. Summary of Search Strategy and Data Sources

Filters Supporting
Database Search Keywords / Query Applied Reference Purpose
( d1g1_tal twm” AND r‘(‘)botwA arm QR ”robot 2020-2025, Core database for
IEEE manipulator”) AND (“user interaction” OR Enolish. Peer [19][20] robotics and encineerin
Xplore “teleoperation” OR “virtual reality” OR “gesture i vie:zve d . ! studie Sgl &
control” OR “haptic feedback™)
. 2020-2025, . L
Adapted keyword combination based on database . Broad interdisciplinary
Scopus English, Peer- [21]
syntax . coverage
reviewed
Web of Adapted keyword combination based on database 202.072025’ ngh—quahty indexed
Science syntax Enghgh, Peer- [21] journals and
reviewed conferences

2.3. Inclusion and Exclusion Criteria
To ensure the relevance, quality, and consistency of the reviewed literature, explicit inclusion and
exclusion criteria were defined prior to the screening process. Establishing clear selection criteria is a
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fundamental step in systematic literature reviews, as it reduces selection bias and enhances transparency and
reproducibility [22][23]. In addition, well-defined criteria help ensure that only studies aligned with the
research objectives are included, particularly in multidisciplinary domains such as digital twin—based robotic
systems [21]. Studies were included if they met the following conditions: (1) published in peer-reviewed
journals or conference proceedings; (2) published between 2020 and 2025; (3) involved robotic arms or
manipulators; (4) implemented a digital twin, defined in this study as a synchronized virtual representation of
a physical system with real-time bidirectional data exchange; and (5) incorporated human interaction, such as
teleoperation, control interfaces, or usability evaluation. The operational definition of a digital twin was applied
to distinguish it from conventional simulation or visualization systems, ensuring that only studies with real-
time synchronization and interaction capabilities were included.

Studies were excluded if they: (1) focused solely on simulation models without real-time synchronization;
(2) involved robotic systems without human interaction, such as fully autonomous or mobile robots; (3) were
non-peer-reviewed sources, including theses, technical reports, patents, or editorials; or (4) were not written in
English. In addition to database filtering, backward snowballing was applied by reviewing the reference lists
of selected studies to identify additional relevant publications that may have been missed during the initial
search process [24]. For the purposes of this review, studies published between 2020 and 2025 are defined as
"recent," reflecting a period of rapid technological advancement in immersive systems and digital twin
infrastructure within the robotics domain. These inclusion and exclusion criteria ensure that the selected studies
are recent, methodologically sound, and directly relevant to the research scope, thereby supporting a focused
and reliable synthesis of user interaction techniques for robotic arms in digital twin environments. Table 2
provides a structured summary of the inclusion and exclusion criteria applied in this review.

Table 2 presents the inclusion and exclusion criteria applied during the study selection process. The
inclusion criteria were designed to ensure that only studies directly relevant to human interaction with robotic
arms in digital twin environments were retained, focusing on peer-reviewed publications from 2020 to 2025
with real-time synchronization and human interaction components [22][23]. The exclusion criteria
systematically removed studies that lacked these core attributes, including autonomous systems without
operator involvement, non-peer-reviewed sources, and studies reporting only technical performance without
any human-centered usability assessment [24]. Together, these criteria ensured a rigorous and focused evidence
base for the subsequent synthesis.

Table 2. Inclusion and Exclusion Criteria for Study Selection
# Inclusion Criteria Exclusion Criteria Ref.
Published in peer-reviewed journals or conference
proceedings

2 Published between 2020 and 2025 (recent period)

Simulation models without real-time synchronization [22]

Robotic systems without human interaction (fully
autonomous or mobile robots)
Non-peer-reviewed sources (theses, technical reports,

(21]

3 Study involves robotic arms or manipulators patents, editorials) [23]
4 Implements a digital twin with real-time bidirectional Studies not written in English [22][23]
data exchange
5 Incorporates human interaction (teleoperation, control Studies focused solely on autonomous robotic control [24]
interfaces, or usability evaluation) without any human interaction component

2.4. Study Selection Process

The study selection process was conducted in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines to ensure transparency, reproducibility, and
methodological rigor in identifying and selecting relevant studies [19],[25]. The PRISMA framework is widely
adopted in systematic literature reviews, including engineering and technology domains, as it provides a
structured approach to minimize selection bias and improve reporting clarity [26]. The selection process
consisted of four main stages: identification, screening, eligibility assessment, and final inclusion. During the
identification stage, a total of 180 records were retrieved from IEEE Xplore, Scopus, and Web of Science using
predefined search strategies. After removing duplicate records (n = 40), 140 unique records remained for
further analysis. In the screening stage, titles and abstracts of the retrieved records were reviewed to assess
their relevance to robotic arms, digital twin systems, and user interaction. During this stage, 50 records were
excluded due to irrelevance to the research scope, including studies not related to robotic manipulators or
lacking a digital twin component. The remaining 90 studies were retained for full-text evaluation. During the
eligibility stage, full-text articles were assessed based on the inclusion and exclusion criteria defined in Section
3.3. A total of 13 studies were excluded at this stage due to not meeting the operational definition of a digital
twin (e.g., absence of real-time synchronization) or lacking a human interaction component. This step ensured
that only studies aligned with the research objectives were included.
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Following the eligibility assessment, a total of 77 studies were selected for inclusion in this review. The
complete study selection process is illustrated in Figure 2, which presents the PRISMA 2020 flow diagram for
this review. The diagram provides a transparent overview of the systematic filtering process across all four
stages. In the identification stage, 180 records were retrieved from three databases, from which 40 duplicates
were removed, yielding 140 unique records. During screening, 50 records were excluded based on title and
abstract review due to irrelevance to robotic arms, digital twin systems, or human interaction. In the eligibility
stage, 13 full-text articles were excluded for failing to meet the operational definition of a digital twin or for
lacking a human interaction component. The remaining 77 studies were retained for final inclusion and form
the evidence base for this review. Each reduction stage is documented in the diagram to ensure full
reproducibility and transparency in accordance with PRISMA 2020 reporting standards [19],[25].

Figure 2 illustrates the PRISMA flow diagram of the study selection process used in this research. The
process begins with the identification of 180 records from three databases, namely IEEE Xplore, Scopus, and
Web of Science. After removing 40 duplicate records, 140 records remain for screening. During the title and
abstract screening stage, 40 records are excluded due to irrelevance to digital twin robotic arms or not being
peer-reviewed. The remaining 90 articles are then assessed for full-text eligibility, where an additional 50
records are excluded for not meeting the study criteria, including lack of relevance to digital twin robotic arms
or non-peer-reviewed status. Subsequently, 77 studies are included for further consideration; however, 13 full-
text articles are excluded due to limitations such as simulations without real-time digital twin implementation
or absence of human interaction components. This systematic filtering process results in a final selection of 77
studies, ensuring that only relevant and high-quality sources are included for analysis.

Records identified (n = 180)
» |EEE Xplore
* Scopus
* Web of Science

}

Duplicate records removed Ly Records excluded
(n=40) (n=40)
' « Not relevant to
DT robotic arms
* Non-peer-reviewed

\
Records screened (n = 140)

? Records excluded
Full-text articles assessed (n=50)

for eligibility (n = 90) * Not relevant to DT

robotic arms
* Non-peer-reviewed

\
Studies included in review (n = 77 ]—D Full-text articles
( ) excluded (n =13)
* Simulation without
real-time DT
* No human interaction

\4
Studies included in review

(n=77)

Figure 2. PRISMA Flow Diagram of the Study Selection Process

2.5. Data Extraction and Quality Assessment

Following the study selection process, a structured data extraction and quality assessment procedure was
conducted to systematically analyze the selected studies. Data extraction is a critical step in systematic literature
reviews, as it enables consistent comparison and synthesis of findings across multiple studies [22][23]. In
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addition, systematic mapping principles were considered to support the categorization and organization of
research evidence within this domain [27][28]. Table 3 summarizes the data extraction categories and quality
assessment criteria applied in this study. A predefined data extraction framework was developed to capture key
information from each study. The extracted data were categorized into three main components: interaction
type, platform, and evaluation metrics. Interaction type refers to the user interface modality used to control or
interact with the robotic arm, including joystick-based control, virtual reality (VR) interfaces, gesture-based
interaction, and haptic feedback systems. Platform information includes both software environments, such as
simulation engines and middleware frameworks, and hardware components, including robotic manipulators,
sensors, and input devices. Evaluation metrics consist of both objective measures, such as task completion
time, accuracy, and latency, as well as subjective measures, including the System Usability Scale (SUS) and
NASA Task Load Index (NASA-TLX), which are widely used to quantify user experience and workload in
interactive systems [29].

To ensure consistency and reliability, a pilot data extraction was conducted on ten studies (approximately
13% of the total sample), selected to represent the range of interaction modalities and study designs in the
corpus. The extraction framework was refined based on this pilot process to improve clarity, resolve ambiguous
category boundaries, and reduce inter-rater inconsistency. The finalized framework was then applied
independently by two reviewers to all 77 included studies, ensuring uniform data collection and enabling
systematic comparison across studies. Disagreements between reviewers were resolved through discussion;
where consensus could not be reached, a third reviewer provided a final judgment. In addition to data
extraction, a quality assessment was performed to evaluate the methodological rigor and relevance of the
included studies. Each study was assessed based on predefined criteria adapted from established evaluation
frameworks [22], including: (1) publication type (journal or conference), (2) indexing status (e.g., Scopus or
Web of Science), (3) clarity of digital twin implementation, (4) presence of experimental validation or user
study, and (5) reporting of evaluation metrics. Studies that demonstrated clear digital twin implementation and
included user-centered evaluation were considered to have higher methodological quality. In terms of
publication weighting, journal articles were assigned higher quality weight than conference papers, reflecting
the more rigorous peer-review process typically applied in journal publication [22].

The extracted data were analysed using a qualitative comparative approach, where studies were grouped
according to interaction modalities and platform characteristics. This analysis enabled the identification of
research trends, strengths, and limitations across different interaction techniques. As summarized in Table 2,
the framework captures the full spectrum of relevant study attributes, from interaction modality and platform
to evaluation metrics and quality indicators. The distribution of studies across these categories reveals that VR-
based interaction and objective performance metrics dominate the current literature, while haptic and
multimodal approaches remain underrepresented and subjective usability evaluation is inconsistently applied.
This pattern directly motivates the comparative analysis and gap identification presented in the subsequent
sections.

Table 3 summarizes the structured data extraction framework applied to all 77 included studies. The
framework captures interaction modality, platform characteristics, and evaluation metrics to enable systematic
comparison across studies [27][28]. Quality assessment criteria were applied to each study based on publication
type, indexing status, clarity of digital twin implementation, and presence of experimental validation or user
study [22]. Studies demonstrating clear real-time synchronization and human-centered evaluation were
assigned higher methodological quality scores, informing the weighting of evidence during data synthesis
[22][23]. This structured approach ensured consistency and reproducibility throughout the review process.

Table 3. Data Extraction and Quality Assessment Framework

Category Element Description Reference
Interaction Type Control Interface Joystick, VR, gesture-based, haptic [27][28]
Platform Software Unity, ROS, simulation engines [27]
Platform Hardware Robotic arm, sensors, controllers [27]
Evaluation Metrics Objective Task completion time, accuracy, latency [29]
Evaluation Metrics Subjective SUS, NASA-TLX [29]
Quality Assessment Publication Type Journal or conference (journals weighted higher) [22]
Quality Assessment Indexing Scopus / Web of Science [21]
Quality Assessment DT Implementation Real-time synchronization (Yes/No) [22][23]
Quality Assessment Validation User study or experiment present [22]

3. LITERATURE REVIEW
3.1. Digital Twin for Robotic Arms

Digital twin (DT) technology has been widely recognized as a key component in cyber—physical
production systems, enabling the integration of physical assets with their virtual counterparts for real-time
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monitoring, simulation, and control. A digital twin is typically defined as a dynamic and synchronized virtual
representation of a physical system, supported by continuous data exchange between the physical and digital
environments [30]-[32]. Unlike conventional simulation models that operate independently of physical
systems, digital twins maintain a live bidirectional connection with real-world data, enabling dynamic updates
and real-time decision support. This capability allows DT systems to support predictive analysis, optimization,
and decision-making processes across the system lifecycle. In the context of robotics, digital twin technology
has been increasingly applied to robotic arm systems, particularly in intelligent manufacturing and industrial
automation. DT-driven robotic systems enable real-time visualization, remote control, and performance
optimization, thereby improving operational efficiency and reducing system risks [33]. Furthermore, the
integration of human-in-the-loop mechanisms within DT environments allows operators to interact with robotic
systems more intuitively, enhancing control flexibility and enabling safer human—robot collaboration [34].

Despite these advancements, the implementation of digital twins in robotic arm applications presents
several challenges. One key issue lies in the balance between simulation fidelity and real-time synchronization,
where higher model accuracy often increases computational complexity and latency [35]. This trade-off
directly affects system responsiveness and user interaction quality, particularly in applications involving
teleoperation or immersive control interfaces. Overall, existing studies demonstrate that digital twin technology
provides a strong foundation for enhancing robotic arm systems through real-time interaction and intelligent
control [36]. However, variations in system architectures, interaction mechanisms, and synchronization
strategies indicate that the field remains heterogeneous and lacks standardized frameworks. These limitations
highlight the need for a more structured analysis [37] of interaction techniques and evaluation methods, which
is further explored in the subsequent sections.

3.2. Virtual Reality (VR)

Virtual reality (VR) has emerged as a prominent interaction technique for robotic arm control in digital
twin environments, particularly in applications involving teleoperation and human—robot collaboration. VR-
based systems enable immersive interaction by providing users with real-time visualization and spatial
mapping [38] between human motion and robotic actions. This approach enhances situational awareness and
allows operators to perform complex manipulation tasks more intuitively compared to conventional control
interfaces [39]-[41]. In addition to improving usability, VR technologies support more natural human—robot
interaction by integrating motion tracking and intuitive control mechanisms. These capabilities are aligned
with the broader development of human-centered robotic systems, where intuitive interaction plays a key role
in improving efficiency and safety [42]. Furthermore, advances in wearable and sensor-based systems, such as
myosignal-based control interfaces, have contributed to more seamless interaction between humans and robotic
systems, supporting more adaptive and responsive control strategies [43].

Despite these advantages, VR-based interaction also presents several challenges. System latency,
hardware dependency, and potential user fatigue during prolonged usage can affect the overall effectiveness of
VR systems [44]. These limitations highlight the need for optimized synchronization and efficient system
design to ensure stable and responsive interaction in real-time digital twin environments. Overall, VR-based
interaction provides a strong foundation for intuitive and immersive robotic control. However, variations in
implementation approaches and performance constraints indicate that further investigation is required to
evaluate its effectiveness across different application contexts. A more detailed comparative analysis of VR-
based interaction techniques in relation to other modalities is presented in the subsequent section.

3.3. Gesture-Based Interfaces

Gesture-based interfaces have emerged as a natural and intuitive approach for human robot interaction in
digital twin based robotic systems. By allowing users to control robotic arms through hand movements and
body gestures, these interfaces reduce reliance on traditional input devices [45] and enable more direct and
human-centered interaction. In digital twin environments, gesture-based control is often integrated with real-
time visualization and feedback mechanisms [46], supporting human-in-the-loop operation and enhancing
system flexibility [34].In addition to improving interaction intuitiveness, gesture-based systems are closely
aligned with the development of cyber physical production systems, where seamless communication between
human operators and robotic systems is essential [47]. These systems often rely on vision-based or sensor-
based technologies to interpret user gestures and translate them into robotic commands [48][49]. Furthermore,
real-time processing techniques, such as motion interpolation and smoothing, are commonly applied to improve
the stability and continuity of gesture-based control, particularly in dynamic manipulation tasks [50].

However, gesture-based interaction faces several technical challenges that can affect system performance
and reliability. One key limitation is sensitivity to environmental conditions, such as lighting variations and
occlusions, which can reduce recognition accuracy [51]. In addition, latency and synchronization issues

Aiman Hakim Azahari (Review on User Interaction for Robotic Arm in Digital Twin)



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro 627
Vol. 8, No. 2, April 2026, pp. 619-637

between the physical robot and its digital twin can lead to delayed or inconsistent responses, negatively
impacting user experience [52]. Recent approaches, including edge computing enabled architectures, have been
proposed to mitigate these issues by reducing communication delays [53] and improving real-time
responsiveness [54]. Overall, gesture-based interfaces provide a promising alternative to conventional control
methods by enabling more natural and flexible interaction. When combined with haptic feedback [55], gesture-
based systems can further enhance user perception by providing tactile confirmation of virtual contact events,
creating a richer and more realistic human-in-the-loop interaction experience. Nevertheless, variations in
implementation techniques and system constraints indicate that further evaluation is required to assess their
effectiveness across different application scenarios. A detailed comparison of gesture-based interaction with
other modalities is presented in the subsequent section.

3.4. Evaluation Metrics in Existing Studies

Evaluation metrics play a crucial role in assessing the effectiveness of user interaction techniques in
digital twin—based robotic systems. In the context of robotic arm control, evaluation is essential not only for
measuring system performance but also for understanding user experience and interaction quality [56]. Existing
studies commonly adopt a combination of objective and subjective metrics to provide a comprehensive
assessment of system capabilities and usability [57],[58]. Objective evaluation metrics are widely used to
quantify system performance and operational efficiency. These metrics typically include task completion time,
positional accuracy, trajectory smoothness, and system latency. Latency and synchronization accuracy are
critical factors in digital twin environments, as delays between the physical system and its virtual representation
can significantly affect control responsiveness and stability [59]. Such metrics are especially important in
teleoperation scenarios, where real-time feedback and precise control are required to ensure safe and effective
manipulation.

In addition to objective measurements, subjective evaluation metrics are commonly employed to assess
user experience and cognitive workload. Standardized instruments such as the System Usability Scale (SUS)
and NASA Task Load Index (NASA-TLX) are widely used to evaluate usability, mental effort, and overall
interaction satisfaction [29],[60]. These metrics provide valuable insights into how users perceive different
interaction techniques, particularly in immersive environments such as virtual reality—based teleoperation
systems. Furthermore, usability studies often incorporate user feedback and experimental observations to
complement quantitative performance data [61][62]. Despite the availability of these evaluation methods,
inconsistencies exist in how metrics are applied and reported across studies. Many works emphasize technical
performance while providing limited user-centered evaluation, leading to an imbalance between system
efficiency and usability considerations. In addition, differences in experimental design, participant selection,
and task scenarios make it difficult to directly compare results across studies. These limitations highlight the
lack of standardized evaluation frameworks for digital twin—based robotic interaction. The root causes of this
fragmentation include disciplinary differences between the robotics and human—computer interaction
communities, the absence of shared benchmark tasks, and the varying latency constraints across deployment
contexts from sub-20 ms requirements for haptic feedback loops to 80-300 ms typical of WiFi-based gesture
systems and the improvements achievable with 5G-enabled architectures [52],[54],[59].

Overall, existing evaluation approaches provide valuable insights into system performance and user
experience; however, the absence of consistent evaluation methodologies limits the comparability and
generalizability of findings. These challenges underscore the need for more structured and standardized
evaluation frameworks, which are further examined in the subsequent section. Table 7 provides a structured
comparison of evaluation metrics applied across different interaction modalities in the reviewed studies.

4. RESULT AND DISCUSSION
4.1. Classification of Interaction Methods

The selected studies were analyzed and categorized based on the type of interaction techniques used for
controlling robotic arms in digital twin environments. The analysis reveals four primary categories of
interaction modalities: virtual reality (VR)-based interaction, gesture-based interfaces, haptic feedback
systems, and hybrid or multimodal approaches. This classification provides a structured overview of how user
interaction has evolved toward more intuitive and human-centered control mechanisms in recent research
[22],[3]. Among these categories, VR-based interaction emerges as the most dominant approach. VR systems
provide immersive visualization and intuitive spatial control, enabling users to interact with robotic
manipulators in a more natural and efficient manner. Several studies highlight the effectiveness of VR in
teleoperation tasks, particularly in improving user awareness and precision during complex manipulation [63],
[40]. This dominance can be attributed to the rapid advancement of immersive technologies and their strong
alignment with human-robot collaboration requirements [8]. However, it is important to note that this
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dominance may partly reflect the maturity and widespread availability of VR development tools and research
infrastructure, rather than representing a definitive conclusion about the inherent superiority of VR over other
interaction modalities.

Gesture-based interaction represents another significant category, focusing on enabling contactless and
natural control through hand movements. These systems are particularly useful in collaborative environments
where traditional input devices may limit flexibility. However, despite their intuitive nature, gesture-based
approaches are less widely adopted due to challenges in recognition accuracy and environmental robustness
[10]. Haptic feedback systems, on the other hand, aim to enhance interaction by providing tactile and force-
based feedback to users [64]. These systems improve control accuracy and user perception, especially in
precision tasks such as teleoperation. However, their adoption remains limited due to higher implementation
complexity, hardware requirements, and cost considerations [65][66]. In addition to individual interaction
techniques, several studies explore hybrid or multimodal approaches that combine multiple interaction
modalities, such as VR with haptic feedback or gesture-based control with visual interfaces. These approaches
aim to leverage the strengths of different techniques to improve overall system performance and user
experience [67]. The classification of interaction techniques is summarized in Table 4, which highlights the
characteristics, strengths, and limitations of each interaction modality. A detailed comparative analysis of these
modalities in terms of performance, usability, and implementation complexity is presented in the following
section.

Table 4 reveals that VR-based interaction accounts for the largest proportion of studies, reflecting the
broader trend toward immersive human-in-the-loop control in digital twin environments. Gesture-based
interfaces represent the second most studied modality, driven by the appeal of contactless and natural
interaction, though their real-world adoption lags behind VR due to robustness limitations. Haptic feedback
and hybrid approaches, while offering complementary strengths in precision and multimodal integration,
remain underrepresented in the reviewed literature, indicating that these areas present the most significant
opportunities for future investigation. The distribution of studies across these four categories underscores the
field’s current focus on immersive and intuitive interfaces while highlighting critical gaps in evaluation
standardization and human-cantered design.

Table 4. Frequency of User Interaction Methods for Robotic Arms in Digital Twin Studies

Interaction N TR Key
Type Description Strengths Limitations References

High immersion, intuitive

Virtual Reality Immersn{e telgopergtlop with control, improved spatial Latency, hardwar.e [631,1401,[8]
(VR) real-time visualization dependency, user fatigue
awareness
Hand/body motion control Natural interaction, contactless, Recognition errors,
Gesture-Based . L. . . L [10]
using vision or sensors flexible environmental sensitivity
Haptic Force/tactile feedback for Improved precision, realistic High cost, complex [65]
Feedback interaction feedback integration
Hybrid / Combination of multiple Enhanced interaction, better Increased system [67]
Multimodal techniques usability complexity

4.2. Comparative Analysis

The comparative analysis of interaction techniques highlights significant differences in performance,
usability, and implementation complexity across virtual reality (VR), gesture-based, haptic, and hybrid
interaction approaches. While Section 4.1 provides a classification of these techniques, this section critically
evaluates their relative strengths and limitations to identify underlying trends and challenges in digital twin—
based robotic systems-based interaction demonstrates superior performance in terms of user immersion and
spatial awareness, making it highly effective for teleoperation and training applications. For example, Gao et
al. [63] demonstrated significant improvements in task accuracy and operator situational awareness when using
VR-based teleoperation within a digital twin framework compared to conventional control methods, while Liu
et al. [33] demonstrated enhanced manipulation precision in digital twin-driven manufacturing tasks using
immersive interfaces. However, the effectiveness of VR systems is often influenced by system latency,
hardware requirements, and user fatigue, particularly in prolonged operations. Notably, some studies report
that under high-latency conditions exceeding 200 ms, VR-based performance degrades to levels comparable
to or worse than traditional joystick control, suggesting that the advantage of VR is conditional on adequate
synchronization infrastructure [67],[57]. These trade-offs suggest that while VR offers strong usability
advantages, its practical deployment depends on system optimization and infrastructure support.

Gesture-based interaction, in contrast, emphasizes natural and contactless control but exhibits lower
reliability in real-world environments. The performance of gesture recognition systems is highly dependent on
environmental conditions and sensor accuracy, which can lead to inconsistent interaction outcomes. As a result,
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although gesture-based systems enhance intuitiveness, their adoption remains limited compared to VR-based
approaches. This indicates a gap between conceptual usability and practical robustness in gesture-based
interaction systems. Haptic feedback systems provide significant advantages in precision and user perception
by delivering tactile feedback during manipulation tasks. These systems are particularly effective in
applications requiring fine control, such as teleoperation and medical robotics. However, their implementation
is constrained by hardware complexity and cost, which limits their scalability in broader industrial applications.
Furthermore, integrating haptic feedback with digital twin systems requires precise synchronization to ensure
realistic interaction. Another important observation is the lack of standardized evaluation frameworks across
studies. Different research works employ varying metrics and experimental setups, making it difficult to
perform direct comparisons between interaction techniques. For instance, some studies focus on objective
performance metrics such as task completion time, while others emphasize subjective usability measures,
leading to inconsistent evaluation outcomes [58],[57]. This inconsistency is further influenced by differences
in study design, participant selection, and application scenarios. The root causes of this standardisation gap can
be attributed to disciplinary fragmentation between the robotics and human computer interaction communities,
the relatively recent emergence of digital twin interaction as a research domain, and the absence of agreed
benchmark tasks or shared evaluation environments that would enable reproducible cross study comparisons.

These findings suggest that the differences between interaction techniques are not solely due to
technological capabilities but also influenced by methodological variations and application contexts. While
VR-based systems dominate current research due to their maturity and usability advantages, gesture-based and
haptic approaches offer complementary benefits that can enhance interaction when properly integrated. This
has led to the emergence of hybrid interaction systems, which aim to combine multiple modalities to overcome
individual limitations. The specific findings and emerging trends identified across the 77 reviewed studies are
synthesized in the following section. The comparative analysis is summarized in Table 5, which provides a
structured comparison of interaction techniques based on key performance and usability factors.

As shown in Table 5 VR-based interaction achieves the highest ratings for both usability and accuracy,
supported by its immersive visualization and spatial control capabilities. However, its moderate robustness and
high implementation complexity indicate that deployment challenges remain significant, particularly in
resource-constrained industrial settings. Gesture-based interaction scores high on intuitive usability but low on
robustness, confirming that its practical value is undermined by environmental sensitivity and recognition
inconsistency. Haptic feedback demonstrates the highest robustness and accuracy among individual modalities
but carries the greatest implementation burden, making scalability a persistent concern. Hybrid and multimodal
systems offer the most comprehensive interaction profile, combining high usability, accuracy, and robustness,
yet their very high complexity reinforces the need for simplified integration frameworks. These observations
collectively confirm that no single modality fully satisfies all performance and usability requirements,
motivating the growing interest in adaptive and hybrid digital twin interaction systems. The key findings
derived from this comparative analysis are discussed in detail in the following section.

Table 5. Comparative Analysis of Interaction Techniques in Digital Twin-Based Robotic Systems
Interaction Implementation

Type Usability Accuracy  Robustness Complexity Key Limitation References
Vlm?\l/ﬁ; ality High High Moderate High Latency, user fatigue [671,[33]
Gesture-Based . Hl.g.h Moderate Low Moderate Re(.:ogmtlon accuracy, [68],[10]

(intuitive) environment sensitivity
Haptic . . . Cost, integration
Feedback Moderate High High Very High complexity [69],[65]
Hybrid / . . Moderate— . .
Multimodal Very High High High Very High System complexity [671,[57]

4.3. Key Findings

The analysis of the selected studies reveals several key findings and emerging trends in user interaction
techniques for digital twin—based robotic arm systems. One of the most prominent observations is the
dominance of virtual reality (VR)-based interaction, which has become the preferred approach for teleoperation
and immersive control. VR systems provide enhanced spatial awareness, intuitive interaction, and improved
task performance, making them highly suitable for complex robotic manipulation tasks [63],[34]. In addition,
usability studies indicate that immersive interfaces can significantly improve user experience and reduce
cognitive workload when compared to conventional control methods [61]. However, despite the widespread
adoption of VR-based interaction, several studies highlight notable limitations and trade-offs. For instance,
while VR improves usability and immersion, it may also introduce challenges such as system latency, hardware
constraints, and user fatigue during extended operation. These findings suggest that the dominance of VR may

Aiman Hakim Azahari (Review on User Interaction for Robotic Arm in Digital Twin)



630 Buletin Ilmiah Sarjana Teknik Elektro ISSN: 2685-9572
Vol. 8, No. 2, April 2026, pp. 619-637

not solely reflect its superiority but also the maturity and availability of supporting technologies. This indicates
a potential research bias toward VR-based systems rather than a definitive conclusion about its overall
effectiveness.

Another important trend is the increasing use of standardized evaluation metrics, particularly subjective
measures such as the NASA Task Load Index (NASA-TLX), to assess user workload and interaction quality
[60]. These metrics provide valuable insights into user experience; however, their application remains
inconsistent across studies. Some works prioritize objective performance metrics, while others emphasize
subjective usability measures, resulting in fragmented evaluation approaches. This inconsistency limits the
ability to establish direct comparisons between different interaction techniques. Latency and synchronization
have been identified as critical challenges in digital twin—based robotic systems, particularly in teleoperation
scenarios. Delays between the physical system and its virtual representation can significantly affect control
accuracy, responsiveness, and overall user experience. Studies report latency ranges of 50 to 200 milliseconds
for local processing architectures and 100 to 400 milliseconds for cloud-based systems, with even small
variations leading to noticeable degradation in performance, especially in precision tasks [59]. Network
protocol selection also plays a critical role: WiFi-based systems typically introduce gesture recognition delays
of 80 to 300 milliseconds, while 5G-enabled architectures reduce this to 20 to 60 milliseconds, representing a
substantial improvement for real-time digital twin interaction [52],[54]. Haptic feedback systems are the most
latency-sensitive, requiring sub-20 millisecond response times to maintain stable force feedback loops, which
severely constrains their viability in cloud-dependent architectures [59]. This issue becomes more pronounced
in distributed systems, highlighting the urgent need for latency-aware and predictive control strategies,
particularly as digital twin deployments scale across geographically distributed industrial environments.

In contrast to VR-based approaches, gesture-based interaction systems demonstrate strong potential for
intuitive and natural control but are limited by reliability and robustness issues. Factors such as environmental
variability and sensor accuracy can negatively impact gesture recognition performance, leading to inconsistent
interaction outcomes [68]. Similarly, haptic feedback systems enhance user perception and control precision
by providing tactile information; however, their adoption remains constrained by hardware complexity and
integration challenges [70]. Notably, some contradictory findings exist in the literature: certain studies report
that gesture-based interfaces achieve higher user satisfaction scores than VR in short-duration or collaborative
tasks where physical immersion is less critical, while others find that traditional joystick control outperforms
VR in high-precision tasks under constrained latency conditions [58],[57]. These contradictions reinforce the
importance of task context and system conditions in evaluating interaction modality effectiveness and highlight
the risk of drawing universal conclusions from studies conducted under varying experimental parameters.
Overall, the findings indicate a clear shift toward human-centered and immersive interaction techniques, with
increasing emphasis on usability, real-time responsiveness, and system adaptability. However, the coexistence
of multiple interaction approaches, each with distinct strengths and limitations, suggests that no single
technique fully satisfies all requirements. This has led to growing interest in hybrid and multimodal interaction
systems, which aim to combine the advantages of different approaches to achieve more effective and robust
human-robot interaction. The critical research gaps and ongoing challenges underlying these findings are
examined in detail in the following section.

4.4. Research Gaps and Challenges

The analysis of existing studies reveals several critical research gaps in digital twin—based robotic arm
interaction systems. Although significant progress has been made in developing intuitive and immersive
interaction techniques, limitations in system design, evaluation methodologies, and real-time performance
continue to hinder practical implementation. These gaps persist for interconnected reasons: the
multidisciplinary nature of digital twin interaction research slows the convergence of standards across robotics
and HCI communities; the hardware requirements for advanced modalities such as haptic and multimodal
systems create resource barriers for many research groups; and the absence of shared benchmark datasets or
standardized test environments prevents reproducible comparison across studies. Table 6 shows a summary of
the key research gaps identified in the reviewed studies, along with their impacts and potential future directions.
One of the most prominent gaps is the lack of standardized evaluation frameworks for assessing interaction
techniques. As discussed in previous sections, studies employ a wide range of objective and subjective metrics,
making it difficult to establish consistent benchmarks across different systems. This inconsistency limits the
comparability of results and reduces the reliability of conclusions drawn from existing research [57].
Furthermore, human-centered evaluation remains underexplored, with many studies focusing primarily on
technical performance rather than user experience and cognitive factors [71]. Another significant gap lies in
latency and synchronization challenges within digital twin environments. Although real-time interaction is a
fundamental requirement, many systems struggle to maintain accurate synchronization between physical and
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virtual components. Latency issues can negatively impact control accuracy, user perception, and overall system
responsiveness, particularly in teleoperation scenarios [59]. Despite the recognition of this problem, limited
research has focused on predictive or latency-aware approaches to mitigate these effects.

Table 6. Research Gaps in Digital Twin-Based Interaction Systems

Research Area Identified Gap Impact Future Direction References
Evaluation Framework Lack of stapdardlzed Difficult comparison across Develop unified evaluation [571,[71]
metrics studies framework [75]
Latency & Delays in DT Reduced accuracy and Latency-aware and predictive [59]
Synchronization interaction responsiveness models
Human-Centered Limited user-focused Poor usability Integrate usability and (71]
Design evaluation understanding cognitive metrics
Haptic & Multimodal High complexity and Limited real-world adoption Slmphﬁeq and scalable [70]
Systems cost architectures
Explainability (AT) Lack of system Rfeduced trus_t.and Apply expl_alnable Al (73]
transparency interpretability techniques

In addition, the integration of advanced interaction techniques, such as haptic feedback and multimodal
systems, remains constrained by hardware complexity and system interoperability challenges. While haptic
feedback enhances user perception and precision, its implementation often requires specialized devices and
complex system integration, limiting its scalability in real-world applications [70]. Similarly, multimodal
interaction systems introduce additional complexity in coordination and synchronization, which has not been
fully addressed in current research. Another emerging gap is the lack of explainability and transparency in
intelligent robotic systems. With the increasing use of Al-driven components in digital twin environments,
understanding system behavior and decision-making processes becomes critical for user trust and system
reliability [72]. Explainable Al approaches have been proposed to address this issue; however, their application
in digital twin—based robotic interaction remains limited [73][74]. Overall, these gaps collectively reveal a field
that is technically advancing but methodologically fragmented. The coexistence of diverse interaction
approaches without shared evaluation standards limits the ability to establish which techniques are most
effective for specific task types, user groups, or deployment contexts. Addressing these gaps requires
coordinated effort across the robotics, HCI, and digital twin communities to develop standardized evaluation
methodologies, improve real-time synchronization performance, and integrate human-centered design
principles throughout the system development lifecycle. The findings from this review directly inform the
research directions and practical recommendations outlined in the conclusion.

Table 6 summarises the key research gaps identified across the 77 reviewed studies. The most critical gap
is the absence of standardized evaluation frameworks, which prevents meaningful cross-study comparison and
limits the generalizability of findings [57],[71]. Latency and synchronization remain unresolved technical
challenges, particularly as systems scale to distributed and cloud-based architectures [59]. The limited adoption
of haptic and multimodal systems reflects persistent barriers in hardware complexity and cost, while the
emerging gap in explainability highlights the need to address operator trust as Al-driven components become
more prevalent in digital twin environments [73],[70]. Collectively, these gaps define the primary directions
for future research in human-centered digital twin interaction for robotic arms.

As shown in Table 7, VR-based interaction is the most consistently evaluated modality, with objective
metrics such as task completion time and positional accuracy frequently reported alongside subjective measures
including NASA-TLX and SUS. However, even within VR studies, the specific metrics used and experimental
setups vary considerably, limiting direct cross-study comparison. Gesture-based systems show significant
variation in latency depending on the underlying network protocol, with 5G-enabled architectures reporting
substantially lower delays (20—-60 ms) compared to WiFi-based systems (80—-300 ms) [52],[54],[76]. Haptic
feedback systems operate under the most stringent latency requirements, typically needing sub-20 ms response
times to maintain stable force feedback loops, which constrains their deployment in cloud-based digital twin
architectures [59],[77]. The absence of a unified evaluation framework across modalities particularly for hybrid
and multimodal systems represents a critical gap that impedes the comparability of findings and the
development of human-centered benchmarks for digital twin interaction research.

Overall, Table 7 highlights a clear disparity in evaluation maturity across modalities. While VR-based
systems benefit from relatively well-established metrics, gesture-based, haptic, and hybrid approaches lack
consistent evaluation standards, with latency requirements varying by an order of magnitude depending on the
modality and deployment context [52],[54],[59]. This disparity reinforces the need for a unified human-
centered evaluation framework that accommodates the full range of interaction techniques reviewed in this

paper.
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Table 7. Comparison of Evaluation Metrics Across Interaction Modalities
Subjective

Modality Objective Metrics Metrics Latency Range Standardisation Level Ref.
Task completion time, NASA-TLX, 50-200 ms Moderate — commonly
VR-Based . SUS, user . . .
. positional accuracy, - . (local); 100-400 used but inconsistently [631,[67],[61]
Interaction . satisfaction .
trajectory smoothness ms (cloud) applied
surveys
Gesture- Recognition accuracy, 80-300 ms
Based response time, false S0 CASE-OFUSE b 50 60 ms Low — no agreed [101,[68]
. ratings benchmark or gesture set
Interfaces positive rate (5G)
. Force accuracy, NASA-TLX, Low — hardware-
Haptic . . . 1-20 ms (stable .
contact stability, perceived realism . dependent; metrics vary [651,[70]
Feedback . . haptic loop) .
trajectory error ratings widely
, Combined task NASA-TLX, Varies by ,
Hybrid / completion time, . Very Low — no unified
. SUS, workload modality . [671,[57]
Multimodal accuracy across . S framework exists
o comparison combination
modalities
Traditional Task completion time, SUS, subjective <10 ms (local, Moderate estabhshed.but
. . . rarely benchmarked against [57],[58]
(Joystick) positional accuracy preference near real-time)

immersive systems

5. CONCLUSIONS

This review makes a significant contribution to the growing field of human-centered digital twin
interaction by providing the first cross-modal, structured synthesis of user interaction techniques for robotic
arm systems published between 2020 and 2025. Through the systematic analysis of 77 peer-reviewed studies
retrieved from IEEE Xplore, Scopus, and Web of Science, this paper classifies interaction modalities, critically
evaluates evaluation methodologies, and identifies key research gaps in digital twin—based robotic interaction
systems.The analysis identifies four primary interaction categories: virtual reality (VR)-based interaction,
gesture-based interfaces, haptic feedback systems, and hybrid or multimodal approaches. VR-based interaction
emerges as the most dominant modality, consistently reported across studies for its immersive visualization,
intuitive spatial control, and effectiveness in teleoperation and human—robot collaboration tasks [63],[40].
However, it is important to acknowledge that this dominance may partly reflect the maturity and availability
of VR development tools and research infrastructure rather than an inherent superiority over other modalities.
Gesture-based interfaces offer natural and contactless control but remain constrained by recognition accuracy
and environmental sensitivity [10], while haptic feedback systems enhance precision and realism yet face
significant barriers in hardware complexity and cost [65]. Hybrid and multimodal approaches show strong
potential for combining the strengths of individual techniques, though their system complexity and limited
standardization remain open challenges [67].

A critical finding of this review is the significant inconsistency in evaluation methodologies across the
reviewed studies. While objective metrics such as task completion time, positional accuracy, and system
latency are widely used, their application varies considerably in terms of experimental design, task scenarios,
and participant selection. Latency, identified as one of the most critical challenges in digital twin environments,
ranges from 50 to 200 milliseconds for local processing architectures and 100 to 400 milliseconds for cloud-
based systems, with haptic feedback requiring sub-20 millisecond response times to maintain stable interaction
loops [59]. Subjective measures such as NASA-TLX and SUS are applied inconsistently, and many studies
prioritize technical performance over human-centered usability assessment. The absence of a unified evaluation
framework can be attributed to disciplinary fragmentation between the robotics and human—computer
interaction communities, the emerging nature of digital twin interaction as a research domain, and the lack of
agreed benchmark tasks or standardized test environments across studies [57],[71]. Beyond evaluation, this
review identifies several persistent research gaps. Human-centered design remains underexplored, with many
studies focusing on system architecture and technical performance while giving limited attention to operator
workload, cognitive load, and long-term usability [71]. The integration of explainable Al within digital twin
interaction systems is an emerging but underdeveloped area, critical for building operator trust and system
transparency in high-stakes industrial and remote operation contexts [73]. These gaps persist due to a
combination of technical constraints, resource-intensive hardware requirements for haptic and multimodal
systems, and the absence of shared datasets or evaluation benchmarks that would enable reproducible cross-
study comparisons. For system designers and industry practitioners, these findings underscore the importance
of adopting human-in-the-loop design principles, investing in low-latency communication infrastructure such
as 5G and edge computing, and building modular interaction architectures that can accommodate multiple
modalities.
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The theoretical contribution of this paper is threefold. First, it provides a structured taxonomy of user
interaction techniques for robotic arms in digital twin environments, enabling systematic comparison across
modalities. Second, it critically evaluates existing evaluation practices and highlights the specific dimensions
metrics, experimental design, and participant selection where standardization is most urgently needed. Third,
it synthesizes research gaps and frames them within a human-centered design perspective that bridges technical
and usability considerations. The review is subject to certain limitations: the search was restricted to English-
language publications across three databases, which may exclude relevant studies published in other languages
or indexed elsewhere. Additionally, the inclusion criteria focused specifically on peer-reviewed studies with
real-time digital twin synchronization, which, while ensuring rigor, may exclude valuable early-stage or
exploratory works. Based on the identified gaps, three specific high-priority future research directions are
proposed. First, the development of a standardized human—robot interaction (HRI) evaluation protocol
specifically designed for digital twin environments, incorporating both objective performance metrics and
human-centered usability measures, is urgently needed to enable meaningful cross-study benchmarking.
Second, investigation into latency-aware and predictive synchronization strategies leveraging 5G connectivity
and edge Al should be prioritized to close the gap between theoretical DT architectures and practical real-time
deployment requirements. Third, the design and validation of hybrid multimodal interaction systems that
integrate VR, gesture, and haptic feedback within a unified, explainable framework represents a compelling
direction for advancing both the usability and reliability of digital twin—based robotic systems. As digital twin
technology continues to mature, advancing human-centered interaction will be essential to realizing its full
potential in intelligent manufacturing, remote operations, and collaborative robotics domains where the quality
of the human system interface directly determines operational safety, efficiency, and adaptability.
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