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Abstract

Background. Technological innovation has transformed contemporary golf through the widespread adoption of
launch monitors, motion-capture systems, wearable sensors, artificial intelligence (Al)-driven analytics, virtual
reality, and smart training devices. These technologies provide unprecedented precision in measuring
biomechanical and performance-related variables, with the underlying assumption that increased access to
objective data will facilitate superior learning and performance outcomes. However, despite substantial advances
in data acquisition and feedback delivery, improvements in golf performance remain inconsistent across skill
levels and competitive contexts. Objective. This systematic review aims to synthesise current evidence regarding
the influence of technology on golf performance and to examine the neurocognitive mechanisms that may explain
why technology does not always translate into improved performance outcomes. A secondary objective is to
propose a novel Neurocognitive Golf Technology Framework (NGTF) that integrates contemporary theories of
motor learning, attentional control, neural efficiency, and technology-assisted training. Methods. A systematic
review will be conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA 2020) guidelines. Electronic searches will be performed across PubMed, Scopus, Web of
Science, PsycINFO, and SPORTDiscus. Studies examining technology-based interventions, performance analysis
systems, wearable technologies, artificial intelligence, virtual reality, biomechanical feedback, and
neurotechnology applications in golf will be included. Data extraction and quality appraisal will be conducted
using established methodological frameworks. Results. Evidence revealed a paradox whereby technological tools
enhance biomechanical precision and performance monitoring, while simultaneously increasing cognitive load,
promoting excessive conscious control, and disrupting movement automaticity under certain conditions. Key
neurocognitive constructs identified across the literature are anticipated to include attentional focus, working
memory capacity, implicit versus explicit motor learning, neural efficiency, reinvestment, emotional regulation,
and sensorimotor integration. Conclusions. The findings challenge the prevailing assumption that more data
necessarily leads to better performance. Instead, technology appears most effective when feedback delivery aligns
with the brain’s natural learning architecture and supports the development of automatic, adaptable, and robust
motor skills. The proposed Neurocognitive Golf Technology Framework offers a new theoretical perspective for
understanding the interaction between technology, cognition, and performance in golf and provides a foundation
for future research and applied practice.
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1. Introduction

1.1 The Technological Revolution in Golf knowledge, subjective visual observation, and
The last two decades have witnessed an unprecedented  qualitative feedback. However, contemporary training
technological revolution in the sport of golf, paradigms have rapidly transitioned toward objective,
fundamentally altering the landscape of athletic  data-driven methodologies, facilitated by the
development and performance analysis. Historically,  widespread adoption of sophisticated measurement
golf coaching relied heavily on experiential  technologies. Modern practitioners and athletes now
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routinely utilise launch-monitor systems, such as
TrackMan and FlightScope, which provide highly
granular metrics detailing ball flight, clubhead
kinematics, attack angles, spin rates, and precise
impact characteristics. Furthermore, motion-capture
systems, wearable inertial sensors, pressure-mapping
devices, and artificial intelligence (Al)-based
performance analytics have substantially expanded the
capacity of coaches to evaluate technical performance.
More recently, immersive technologies including
virtual reality (VR), augmented reality (AR), and
machine-learning applications have emerged as
innovative platforms for skill acquisition, simulation-
based practice, and highly personalised coaching
interventions.

This rapid technological integration reflects a broader,
systemic movement toward data-driven performance
optimisation within the global sporting industry.
Contemporary coaching philosophies increasingly
mandate objective measurement, precision diagnostics,
and evidence-informed decision-making processes
(Collins et al., 2021). The foundational assumption
underpinning this trend is that enhanced access to high-
fidelity  information  facilitates a  superior
understanding of technical deficiencies, thereby
enabling the design of highly effective, targeted
intervention strategies. Consequently, technological
feedback is no longer a luxury but an integral
component of training programmes across amateur,
collegiate, and elite golf environments. However,
despite this pervasive adoption, the empirical
relationship between the provision of technological
feedback and tangible performance enhancement
remains less straightforward than industry narratives
often suggest. While modern systems generate highly
accurate biomechanical and behavioural datasets,
resultant improvements in golf performance are
frequently inconsistent, highly individualised, and in
some instances, completely absent.  These
observational discrepancies raise critical theoretical
and practical questions regarding the neurocognitive
mechanisms  through  which athletes process
augmented technological information, and the specific
conditions under which such data either facilitates or
actively impedes motor learning.

1.2 The Assumption That More Data Produces

Better Performance

The contemporary golf industry is increasingly
characterised by a pervasive, yet largely untested,
belief that a greater volume of information inevitably
yields superior performance outcomes. Advances in
micro-sensor ~ technology and  computational
processing have exponentially increased the volume,
complexity, and real-time  accessibility  of
performance-related data. Within a single practice
session, a modern golfer may be exposed to
instantaneous feedback regarding their swing path,
clubface orientation, segmental biomechanical
sequencing, centre-of-pressure shifts, ground reaction
forces, and shot dispersion probabilities.

From a purely biomechanical perspective, these metrics
offer invaluable diagnostic insights into movement

execution.  Enhanced  measurement  precision
undeniably facilitates the identification of subtle
technical  inefficiencies.  However,  possessing
diagnostic information does not inherently guarantee
effective  motor learning. Skill acquisition is
fundamentally a neurocognitive process that
necessitates the encoding, consolidation, retrieval, and
adaptation of movement-related information within the
central nervous system (Schmidt et al., 2019).
Consequently, a critical distinction must be drawn
between the empirical measurement of a performance
outcome and the internal acquisition of a motor skill.
While current technologies excel at quantifying the
mechanical parameters of a swing, they are
fundamentally ill-equipped to address how an athlete
internally translates this extrinsic feedback into
meaningful, sustainable neural adaptations. Indeed,
established evidence from cognitive psychology and
motor learning literature indicates that exposing
learners to excessive technical information can
severely overwhelm limited working memory
resources (Masters & Maxwell, 2008). This cognitive
saturation  frequently increases the conscious
monitoring of physical movements, directly disrupting
the fluid, automatic processes that are the hallmark of
expert athletic performance. Therefore, the prevailing
assumption that additional data automatically catalyses
learning warrants rigorous critical examination.

1.3 The Missing Brain in Golf Technology

A substantial limitation of the existing golf technology
literature is its predominant, almost exclusive, focus on
biomechanical and kinematic outcomes, with
comparatively minimal attention directed toward the
neurocognitive processes that actually generate and
regulate skilled movement. Current technological
systems are engineered to measure external
performance indicators, such as clubhead trajectory,
postural alignments, or ball-flight aerodynamics. Yet,
these variables merely represent the distal
consequences of movement, rather than the proximal
neural mechanisms responsible for their execution.

Contemporary neuroscience literature demonstrates
that complex motor skills do not arise solely from
mechanical repetition; rather, they emerge from the
dynamic, interconnected functioning of multiple brain
systems responsible for attentional control, motor
planning,  sensorimotor  integration, emotional
regulation, and procedural memory consolidation
(Krakauer et al., 2019). Expert athletic performance is
determined not only by spatial precision but also by the
neural efficiency with which the nervous system
organises movement. Elite performers consistently
exhibit superior attentional control, heightened
movement automaticity, and greater neural economy
compared to their less-skilled counterparts (Beilock &
Gray, 2012).

This distinction is of paramount importance in golf, a
highly demanding, self-paced sport where successful
execution frequently relies on the ability to produce
refined motor patterns under intense psychological
pressure. Research grounded in reinvestment theory
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demonstrates that directing excessive conscious
attention toward the mechanics of movement execution
can actively degrade automated motor processes,
leading to catastrophic performance breakdowns,
commonly referred to as “choking”, under stress
(Masters & Maxwell, 2008). Ironically, the very
technologies designed to enhance performance may
inadvertently induce this reinvestment by inundating
performers with explicit technical data, thereby
encouraging excessive, detrimental self-monitoring.
From this theoretical vantage point, technology creates
a complex paradox: while objective feedback has the
potential to accelerate learning, excessive or poorly
timed data delivery increases cognitive load, fractures
automaticity, and impairs overall performance.
Resolving this paradox necessitates a paradigm shift
from a strictly biomechanical viewpoint toward a
robust neurocognitive framework that accounts for the
human-technology interaction.

1.4 Neurocognitive Mechanisms Underpinning
Technology-Enhanced Performance

Several foundational neurocognitive constructs are
critical to understanding the complex relationship
between technological feedback and golf performance.
First, the modulation of attentional focus has
consistently emerged as a primary determinant of motor
performance. Robust empirical research demonstrates
that adopting an external focus of attention—
concentrating on the movement's effect on the
environment—facilitates automaticity and movement
efficiency, whereas an internal focus directed toward
body mechanics frequently interferes with skilled
execution (Wulf, 2013). Because most technology-
generated feedback explicitly highlights bodily
kinematics and club mechanics, it inherently risks
conflicting with optimal external attentional strategies.

Second, cognitive load theory posits that human
working memory operates with a strictly limited
processing capacity (Sweller et al., 2019). Training
technologies that continuously deliver vast quantities of
complex, multidimensional data can easily exceed
these inherent cognitive thresholds. When working
memory is saturated, learning efficacy diminishes, and
in-game decision-making is severely impaired.

Third, the dichotomy of implicit versus explicit motor
learning is highly relevant to technology-assisted
training. Implicit approaches suggest that robust,
durable skill acquisition occurs most effectively when
performers learn without accumulating a heavy burden
of declarative, rule-based knowledge regarding their
movement (Masters, 1992). Conversely, highly
explicit, technology-driven feedback often forces
athletes into explicit learning paradigms, yielding
motor patterns that are highly vulnerable to degradation
under competitive pressure.

Finally, contemporary models of neural efficiency
indicate that true expertise is characterised by highly
economical patterns of cortical activation, minimising
superfluous  cognitive involvement during the

execution of a motor task. While the direct impact of
technology on neural efficiency remains an
underexplored domain, it represents a vital mechanism
for understanding why certain athletes fail to translate
technologically refined swing mechanics into
competitive success.

1.5 Purpose of the Review and Proposed Framework
Despite the rapid technological advancement and
ubiquitous integration of digital tools within golf
coaching, there is a pronounced lack of comprehensive
literature synthesising how these interventions interact
with the fundamental neurocognitive processes
underlying skill acquisition. Existing systematic
reviews have predominantly concentrated on validating
the biomechanical accuracy of training technologies,
equipment innovations, and performance-monitoring
platforms. Consequently, the current body of
knowledge offers substantial clarity regarding what
technological systems can measure, but provides
remarkably little insight into how athletes process,
interpret, and functionally utilise this data during motor
learning.

Addressing this literature gap is critical because golf
performance is not solely dictated by biomechanical
precision; it is the culmination of complex, dynamic
interactions between motor, cognitive, perceptual, and
emotional systems. As sports technologies continue to
evolve, generating increasingly voluminous datasets,
there is an urgent need to determine whether the
feedback provided aligns with the neurocognitive
mechanisms governing optimal skill development.
Without this theoretical alignment, practitioners risk
deploying technologies that inadvertently elevate
cognitive load and disrupt automaticity, thereby
neutralising potential performance benefits.

Accordingly, the primary purpose of this systematic
review is to rigorously evaluate the existing evidence
concerning technology-enhanced golf performance
through a distinct neurocognitive lens. Specifically, this
review aims to synthesise research investigating the
efficacy of technological interventions while
systematically  identifying the  neurocognitive
mechanisms that explain both the utility and the
limitations of technology-based feedback.
Furthermore, this review explores the intricate
relationships among technology use, attentional
regulation, cognitive load, motor learning principles,
and movement automaticity.

To structuralise these objectives, this review introduces
the Neurocognitive Golf Technology Framework
(NGTF), anovel, integrative conceptual model drawing
upon neuroscience, motor learning, sport psychology,
and biomechanics. The NGTF is designed to explicitly
define the pathways through which technological
feedback either facilitates or hinders athletic
performance, contingent upon its alignment with the
human brain's natural mechanisms of information
processing. By advancing this integrative model, the
present review challenges the dominant industry
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assumption that an increased volume of performance
data automatically yields superior results. Ultimately, it
argues that technology is most potent when
purposefully designed to complement the brain’s
learning architecture, fostering the development of
robust, adaptable, and highly automated motor skills.
Through the proposal of the NGTF, this review aims to
establish a new theoretical foundation for future
empirical research, guide evidence-based coaching
practices, and inform the design of next-generation
sports technologies that are both mechanically
sophisticated and neurocognitively intelligent.

2. Methods

2.1 Review Design

This systematic review was designed to critically
evaluate the efficacy of technological interventions in
golf training and to elucidate the neurocognitive
mechanisms that modulate their impact on performance
outcomes. Given the inherently multidisciplinary
nature of this inquiry, spanning sport psychology,
motor learning, neuroscience, biomechanics, and
performance science, the review methodology was
structured to synthesise empirical evidence across
diverse research domains. The overarching objective
was to construct a comprehensive understanding of
how augmented technological feedback interacts with
cognitive and neural processing during skill
acquisition. To ensure the highest standards of
methodological rigour, transparency, and
reproducibility, the review protocol was executed in
strict accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA
2020) guidelines. Unlike traditional reviews that
predominantly focus on biomechanical efficacy, this
investigation specifically isolated neurocognitive
constructs, including attentional regulation, cognitive
load, neural efficiency, sensorimotor integration, and
movement automaticity. This design reflects the
review’s central theoretical proposition: that the utility
of a technological intervention is determined not solely
by its mechanical precision, but by its fundamental
alignment with the human brain’s intrinsic mechanisms
for learning and motor control.

2.2 Search Strategy

A comprehensive, systematic search of the existing
literature was executed across five primary electronic
databases: PubMed/MEDLINE, Scopus, Web of
Science, SPORTDiscus, and PsycINFO. These specific
databases were selected for their extensive,
interdisciplinary ~ coverage of sport sciences,
psychology, neuroscience, and biomechanics, thereby
capturing the broad scope required for this review. The
search algorithm was iteratively developed through the
consultation of prior systematic reviews in motor
learning and sports technology, encompassing four
distinct conceptual domains: (a) golf, (b) technology,
(c) performance and motor learning, and (d)
neurocognitive processes. To maximise search
sensitivity while maintaining contextual relevance,
keywords and Boolean operators (AND/OR) were
strategically combined. The final search string

incorporated combinations of terms including, but not
limited to: golf, golfer, technology, wearable sensors,
motion  capture, launch  monitor, TrackMan,
FlightScope, virtual reality, augmented reality,
artificial intelligence, performance, motor learning,
skill —acquisition, attention, working memory,
automaticity, neuroscience, reinvestment, quiet eye,
and neurofeedback. The database searches
encompassed all literature from inception to the final
search date. To supplement the electronic search, a
manual forward and backward citation analysis of
relevant review papers and eligible articles was
conducted to identify any ancillary studies not captured
in the primary database query.

2.3 Eligibility Criteria

The study selection process was systematically
governed by the Population, Intervention, Comparator,
Outcomes, and Study Design (PICOS) methodological
framework. Eligible populations included golfers of
any age, sex, and competitive proficiency, spanning
from recreational novices to elite professionals.
Furthermore, studies employing general motor-
learning paradigms were considered eligible if the
underlying mechanisms could be reliably transferred to
golf-specific ~ skill —acquisition  contexts. The
interventions under investigation comprised any
technology-based system engineered to assess, train, or
monitor golf performance. Acceptable modalities
included launch monitors, motion-capture
configurations, wearable inertial sensors, pressure-
mapping arrays, smart-club technologies, virtual and
augmented reality platforms, artificial intelligence
applications, and neurofeedback systems. Studies
investigating traditional, non-technological coaching
interventions were excluded unless they functioned as
an explicit comparator condition. Primary outcome
measures were required to include objective golf
performance variables, such as swing mechanics, shot
accuracy, driving and putting proficiency, and
competitive  outcomes.  Secondary  outcomes
necessitated the inclusion of cognitive, perceptual, or
neurophysiological metrics, such as attentional focus,
cognitive load, reinvestment propensity, neural
efficiency, and motor automaticity. Inclusion was
strictly limited to peer-reviewed, English-language
empirical articles. Conference abstracts, editorials,
commercial reports, and studies focused exclusively on
equipment engineering without human performance
evaluation were excluded.

2.4 Study Selection Process

All retrieved records were exported into a dedicated
reference-management software program, where
automated and manual deduplication processes were
performed. Following the removal of duplicate entries,
an initial screening phase was conducted independently
by the review team based on article titles and abstracts
to ensure alignment with the predefined eligibility
criteria. Records that appeared to satisfy the inclusion
criteria, or those lacking sufficient detail in the abstract
to warrant outright exclusion, were advanced to the
full-text assessment phase. The full texts of these
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potentially relevant manuscripts were subsequently
subjected to rigorous evaluation. Studies failing to meet
the PICOS criteria during this phase were excluded,
with specific rationales for exclusion documented for
transparency. Any discrepancies or disagreements
between reviewers regarding study eligibility were
resolved through collaborative discussion and
consensus. The entire identification, screening, and
inclusion trajectory was meticulously mapped using a
PRISMA 2020 flow diagram to ensure total
methodological accountability.

2.5 Data Extraction

To ensure high inter-rater reliability and consistency
across the diverse literature pool, a standardised data
extraction protocol was developed and deployed. For
each eligible study, extracted variables included
publication — metadata, participant  demographic
characteristics, competitive proficiency levels, sample
size configurations, and the specific study design.
Furthermore, detailed parameters regarding the
technological intervention, including the specific
hardware/software employed, intervention duration,
and feedback modality, were recorded alongside
primary performance outcomes. Crucially, the
extraction process was heavily weighted toward the
identification of neurocognitive constructs. Data
pertaining to variables such as attentional focus
strategies, cognitive workload, neural efficiency
metrics, sensorimotor integration, implicit versus
explicit learning adaptations, and emotional regulation
were systematically isolated. The meticulous extraction
of these latent variables was deemed essential for
constructing an integrated theoretical model explaining
how digital systems interface with the human nervous
system during golf performance.

2.6 Quality Assessment

The methodological integrity and risk of bias within the
included studies were appraised using the Mixed
Methods Appraisal Tool (MMAT). The MMAT was
deliberately selected due to its robust capacity to
concurrently  evaluate  qualitative,  quantitative
(randomised and non-randomised), and mixed-method
research designs, which was necessary given the
methodological heterogeneity anticipated within the
sports technology literature. The quality assessment
rigorously evaluated critical domains, including the
appropriateness of sampling procedures, the validity
and reliability of measurement instruments, inherent
risks of bias, the integrity of data analysis protocols,
and overall reporting transparency. In instances where
specific methodological paradigms required deeper
scrutiny, supplementary critical appraisal criteria from
the Joanna Briggs Institute (JBI) tools were integrated.
The results of this quality assessment were utilised to
contextualise and weight the synthesized evidence,
though they were not strictly employed as a threshold
for study exclusion.

2.7 Data Synthesis

Given the substantial heterogeneity observed across
participant demographics, technological hardware,
intervention protocols, and outcome metrics, a
guantitative meta-analysis was deemed statistically
inappropriate. Consequently, the data were aggregated
and interpreted through a rigorous narrative thematic
synthesis. This qualitative approach facilitated the
systematic identification of recurring conceptual
patterns, theoretical overlaps, and causal relationships
linking technology usage to neurocognitive states and
ultimate performance outcomes. The thematic
synthesis progressed through multiple iterative stages.
Initially, the extracted data were coded according to the
specific technological modality investigated and the
primary physiological or cognitive outcomes reported.
These initial codes were subsequently collapsed into
broader conceptual categories. Through this iterative
comparative analysis, five overarching themes were
identified: (1) technologies that improve mechanical
precision, (2) the cognitive costs associated with
technology-based feedback, (3) technology and
attentional control, (4) technology and motor learning,
and (5) the emergence of neurotechnology in golf
training. In the final synthesis phase, these empirical
themes were explicitly mapped onto contemporary
theories of working memory, neural efficiency, and
reinvestment. This final integration directly informed
the architectural development of the Neurocognitive
Golf Technology Framework (NGTF), serving as the
principal theoretical contribution of the review.

3. Results

3.1 Study Selection and Characteristics

The systematic identification and selection of literature
were conducted in strict adherence to the PRISMA
2020 guidelines, as illustrated in Figure 1. The initial
comprehensive search across the selected electronic
databases (including PubMed, Web of Science,
Embase, and Google Scholar) yielded a total of 1,388
records. Following the identification phase, 286
duplicate records were removed prior to the screening
process. The remaining 1,102 titles were independently
screened by two reviewers. During this phase, 1,029
titles were excluded due to inconsistent research
objectives, irrelevant research content, or because they
were  systematic  evaluations and  reviews.
Subsequently, 73 abstracts were screened, leading to
the exclusion of an additional 40 records (comprising
31 unretrieved reports and 9 conference articles). The
full texts of the remaining 33 articles were then
rigorously assessed for eligibility. At this stage, 27
reports were excluded primarily because they did not
evaluate or mention sports performance outcomes.
Ultimately, this systematic selection process resulted in
the inclusion of six empirical studies that met all
predefined eligibility criteria, specifically examining
technology-enhanced interventions and their influence
on golf performance.
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Review, Systematic evaluation
(n=11)

Abstracts excluded

(n = 40)
Reports not retrieved (n = 31)
Conference articles (n = 9)

)
Records identified from the electronic
databases
5 (n =1388)
= PubMed (n = 922)
2 MEDLINE, Cochrane library (n
= -6)
9 Embase (n =98)
- Google Scholar (n = 1098)
Web of science (n =652)
l
Titles screened by two independent
reviewers
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= Abstracts screened by two
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3 (n=73)
Full-text articles screened by two
independent reviewers
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© Reports of included studies
=
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Figure 1 Flow chart of the search and selection process of included studies

Reports excluded:
(n=27)

No mentioned sports performance (n =27 )
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Table 1. Characteristics of Included Studies Examining Technology-Based Interventions in Golf Performance

full text

Participants . Technology . . Neurocognitive
Study Country (n) Skill Level Evaluated Study Design Duration Performance Outcomes Variables
Harris et al.
(2020). The Experimental;

effect of a Not clearly .

. . . . . two experiments Short-term . .
virtual reality stated in the . Virtual reality s . Putting accuracy, putting .

. . Novice examining VR experimental . Quiet-eye (QE), gaze
environment UK available (VR), gaze/eye- . . performance, motor-skill )
) golfers . warm-up and sessions/training . behaviour
on gaze abstract; two tracking . learning
. . VR-based period
behaviour experiments .
learning

and motor
skill learning
Harris et al.

(2021).

Exploring Perceived task
sensorimotor . . . demand, perceptual
performance 36 (18 Immersive VR Comparatlve 20 min, single Radial error, putting strain, mental

Expert and . experimental accuracy, distance
and user UK experts, 18 . golf-putting laboratory L demand, presence; no
. . novice golfers . study; real- . estimation; VR-real-world -
experience novices) simulator session . . direct
. world vs VR performance relationship . .
within a neurophysiological
virtual reality measure

golf putting

simulator
Bennett et al. 677’ (44 Novice, Comparative Slpgle Quiet-eye duration,

novices, 14 VR golf s . experimental . .

(2025). Get . athletes from . within-subject : Holed putts, radial error, eye-gaze behaviour,
. . Australia athletes, 5 simulator + session; 30 putts L .
in the Virtual other sports, . study; VR vs . putting line, putt length visuomotor

expert eye-tracking in each .
Hole! expert golfers real-world . coordination
golfers) environment
Golf putting
Steiner et al articipants; Real Comparative
’ Not clearly p p i environment, P . Perceived task load;
(2026). . skill experimental Acute/single- . .
. reported in . VR and . Putting performance, no direct
Mixed Germany . characteristics study across session . .
. the available augmented . accuracy, task load neurophysiological
Reality Golf should be . . . three comparison
. source . virtuality/mixed . measure reported
Putting checked in reality environments
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Alkasasbeh
Al, wearable o
et al. (2026). Performance monitoring, .
e . Sensors, .. . Behavioural and
Artificial Not Multiple . ; . . injury-risk assessment, . .
. . . B . physiological | Narrative/review . . physiological
intelligence Jordan applicable sporting . Not applicable wellbeing, .o
. . and article . . . . monitoring; Al-
and review populations . . physiological/biomechanical . L
. biomechanical g derived indicators
wearables in o indicators
sport monitoring
Movement-related
Souaifi et al. Al, wearable . . .. and .
(2025) Not technolo Biomechanical cognitive/behavioural
Arti ﬁciz.ll apolicable — Multiple motio fy’ Scoping review Literature performance, movement variables where
. . International PP sports/athlete . ping published 2015- analysis, performance available; primarily
intelligence 73 included . analysis, (PRISMA-ScR) ST . .
. . populations 2024 prediction, injury biomechanical rather
in sports studies computer . ) .
. . L prediction/prevention than direct
biomechanics vision .
neurocognitive
assessment

Abbreviations: Al = Artificial Intelligence; EEG = Electroencephalography.
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3.2 Methodological Quality Assessment

The methodological integrity of the six included
studies was evaluated using the Mixed Methods
Appraisal Tool (MMAT). Given the multidisciplinary
nature of the topic, the included literature exhibited
substantial methodological heterogeneity,
encompassing diverse study designs, participant

club mechanics, body positions, or ball-flight
characteristics, a notable methodological limitation
across the literature was the relative scarcity of direct
neural or cognitive measurements. Consequently,
much of the evidence relied on behavioural
performance metrics to infer underlying cognitive
states, underscoring a broader need within the field for

populations, and technological interventions. While experimental  designs  that integrate  direct
the included studies demonstrated adequate validity in neurophysiological monitoring.
measuring external performance indicators, such as
Table 2. Methodological Quality Assessment of Included Studies Using the MMAT
Quantitat Outcome
Screening| Qualitative ve Data Collection Risk off MMAT | Quality
Study . Measurement . o .
Questions| Components Compone Methods < 1 Bias | Score (%) Rating
nts Validity
Repeated-
measures and
controlled Appropriate
. o experimental objective
Harris et Yes N/A 3/5 criterig designs; putting | putting and eye{ Low 100% High
al. (2020) met . .
accuracy (radial tracking
error) and quiet- measures
eye duration
measured
Appropriate
Real-worldand | P erformance
VR putting; and
, - PSS 1 Galidated/self- | Low—
Harris et 4/5 criterid radial error, task o .
Yes N/A report task | moderat| 80% High
al. (2021) met load, presence
measures; e
and performance
construct
measures L
validity
examined
Bennett et 30 putts in VR Objective
al. (2025) and 30 in real | putting and eye
- VR Yes N/A 5/5 criterig WOIl‘ld; eye- tracking . Low 100% High
versus met tracking, radial | outcomes with
real-world error and holed-| clearly defined
putting putt measures measures
Within-subjects
comparison of Objective
real, VR and AV putting
Steiner et 4/5 criteriq conditions; performance Low= o .
al. (2026) Yes N/A met performance, task plus established mocierat 80% High
load, motion subjective
sickness and measures
preference
Alkasasbg Literature-revie rirIr\lleier fotr d Not Not
heet al. N/A N/A N/A Craiure-teview  primary=study | 0 0
methodology outcome applicable| applicablg
(2026)
measurement
Souaifi et
L ccoping-roview | NAwa Not | N
N/A N/A N/A pIng primary N/A ) .
sports methodology; 73 empirical stud applicable| applicablg
biomechal studies included P y
nics

Note: Quality Classification: 80-100% = High Quality; 60—-79% = Moderate Quality; <60% = Low Qualit

3.3 Thematic Synthesis of Evidence
3.3 Thematic Synthesis of Evidence

The included studies have demonstrated the increasing use of
virtual reality (VR), mixed reality, artificial intelligence (Al),
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wearable technology and biomechanical evaluation in golf
and sport performance. According to the study of Harris et al.
(2020), VR-based golf putting training improves putting
accuracy similar to real-world practice for beginners, but it
has a transient effect on quiet-eye behaviour and gaze
patterns. Similarly, Vine et al. (2020) investigated a VR golf-
putting simulator and pointed out the potential of this device
for the evaluation of sensorimotor performance, task
demands, presence and the connection between simulated and
real-life putting. To further investigate differences in putting
accuracy and quiet eye—performance relationships among
golfers with level of skills, Harris et al. (2025) assessed the
application of virtual reality and real-world environments
with eye-tracking and performance measures. These findings
supported the findings of Steiner et al. (2026) that illustrated
mixed-reality strategies can enhance immediate putting
performance as well as reduce the perceived difficulty of the
task.

Moreover, other recent studies have reported the growing role
of artificial intelligence, wearable sensors, computer vision
and biomechanical technologies in the assessment of sports
performance. Similarly, Alkasasbeh et al. (2026) investigate
the combined use of Al and wearable devices to track
physiological, biomechanical and behavioural features. The
use of these technologies has been shown to improve
performance and health-related quality of life. In their review,
Souaifi et al. (2025) presented applications of Al in wearable
technology, motion analysis, computer vision, and
biomechanical evaluation in sports. Thus, these findings
support the notion that technology-based methods can
provide relatively objective and more sophisticated
evaluations of performance in golf, but the current literature
has largely focused on the accuracy of putting, gaze/quiet-eye
behavior, sensorimotor performance, and biomechanical
measures with relatively little use of neurophysiological and
neurocognitive measures (e.g., EEG, sensorimotor rhythm,
neurofeedback, and related measures of cognitive

performance). This indicates a promising avenue for further
research combining neurocognitive training with objective
golf-putting performance outcomes.

4. Discussion

The primary objective of this systematic review was to
evaluate the effects of technology-enhanced training on golf
performance and to elucidate the neurocognitive mechanisms
that explain its variable efficacy. While contemporary
systems, such as dual-radar launch monitors, wearable
sensors, and artificial intelligence-driven analytics, provide
unprecedented biomechanical precision, the synthesised
evidence challenges the prevailing assumption that greater
access to objective data inherently produces superior athletic
outcomes. Instead, the findings suggest that the relationship
between technological feedback and performance
enhancement is highly complex and profoundly mediated by
the athlete's cognitive and neural architecture. To
conceptualise these findings and address the theoretical gaps
in the literature, this review proposes two integrative models:
the Neurocognitive Golf Technology Framework (NGTF)
and the Technology-Performance Paradox.

4.1 The Neurocognitive Golf Technology Framework
(NGTF)

Existing golf technologies predominantly focus on
quantifying external biomechanical variables, such as
clubhead kinematics and impact positions. However, these
systems do not intrinsically account for how an athlete
cognitively encodes, integrates, and retrieves this feedback.
The Neurocognitive Golf Technology Framework (NGTF)
was developed to provide a theoretical explanation for the
mechanisms through which technological systems influence
motor performance. As illustrated in Figure 2, the NGTF
addresses this limitation by positioning neurocognitive
processes as the primary mediating pathway between
technological input and motor execution.
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Neurocognitive Golf Technology Framework (NGTF)
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Figure 2. Neurocognitive Golf Technology Framework (NGTF)

According to the NGTF, technological systems function as
information sources that vary significantly in quantity,
complexity, timing, and delivery modality. This information
must be processed through the athlete's neurocognitive filter,
engaging attentional regulation, working memory, and
emotional control systems. The framework posits that
technological feedback facilitates performance only when the
information remains within the learner's processing capacity
and actively supports the development of efficient motor
representations. Consequently, performance enhancements are
not conceptualised as direct outcomes of the technology itself,
but rather as indirect byproducts of successful neurocognitive

adaptation and optimal motor-learning mechanisms, such as
implicit learning and stable quiet-eye behaviour.

4.2 The Technology-Performance Paradox

Building upon the cognitive limitations outlined in the NGTF,
the synthesised evidence supports the existence of a curvilinear
relationship between technological feedback and golf
performance, conceptualised here as the Technology-
Performance Paradox. As depicted in Figure 3, this model
fundamentally challenges the linear assumption that more
objective data universally accelerates error detection and
learning.
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The Technology-Performance Paradox

A PEAK PERFORMANCE

Golf Performance

Technology Engagement
Zone 1: (Data & Feedback) Zone 3:
LOW OPTIMAL EXCESSIVE
TECHNOLOGY TECHNOLOGY TECHNOLOGY
X Insufficient Feedback v Neurocognitive X Cognitive Overload
X Poor Feedback Alignment X Working Memory
Availability v Neural Efficiency Saturation
X Limited Learning Maximised X Reinvestment
X Reduced Technical v/ Automaticity X Paralysis by Analysis
Development v Robust Skill X Choking
Acquisition X Reduced Technical
Development

X Performance Breakdown

Figure 3. The Technology-Performance Paradox

At low levels of technological engagement (Zone 1),
insufficient objective feedback may constrain technical
development, forcing athletes to rely exclusively on
subjective feel. At moderate, strategically managed
levels (Zone 2), technology facilitates optimal
performance enhancement by aligning with the brain's
natural learning architecture, supporting neural
efficiency, and fostering robust skill acquisition.
However, when feedback surpasses an optimal threshold
(Zone 3), excessive data saturation severely overwhelms
working memory and attentional systems. This cognitive
overload triggers conscious reinvestment, disrupting
automated motor control and creating conditions
conducive to performance breakdown. The paradox
illustrates that highly sophisticated technological
environments can become inherently counterproductive
if they degrade the neurocognitive conditions required
for fluid skill execution.

4.3 Cognitive Load, Working Memory, and
Information Saturation

A prominent theme emerging from the literature is the
critical role of cognitive load in mediating the

effectiveness of augmented feedback. Cognitive Load
Theory posits that working memory possesses a finite
processing capacity, and learning efficacy diminishes
when this capacity is exceeded (Sweller et al., 2019).
Modern golf technologies are capable of generating vast,
multidimensional datasets within a single practice
session. For performers, particularly novices who lack
highly developed mental representations of the golf
swing, the simultaneous processing of swing kinematics,
force production profiles, and environmental constraints
imposes substantial cognitive demands.

When the volume and complexity of technological
feedback exceed available cognitive resources, athletes
frequently experience information saturation. Under
these conditions, the capacity to meaningfully integrate
feedback deteriorates, often leading to confusion,
diminished self-efficacy, and impaired movement
execution. From a neurocognitive perspective, excessive
data delivery shifts attentional resources away from task-
relevant external cues and toward the conscious
monitoring of internal mechanics. Consequently, the
most effective application of technology frequently
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involves strategically restricting feedback rather than
maximising it, a nuanced approach that remains critically
underappreciated in contemporary coaching paradigms.

4.4 From Automaticity to Reinvestment: How
Technology May Disrupt Skilled Movement
Execution

The consequences of technology use are fundamentally
tethered to the neural mechanisms governing skilled
movement. As athletic expertise develops, the control of
complex motor skills shifts from conscious, cortical
regulation toward highly automated sensorimotor
networks (Krakauer et al., 2019). This automaticity
allows attentional resources to be allocated to strategic
decision-making rather than the mechanics of the
movement itself. However, the evidence suggests that an
overreliance on highly explicit, biomechanical feedback
can inadvertently fracture this automaticity.

This phenomenon is best understood through the lens of
Reinvestment Theory, which demonstrates that directing
conscious attention toward previously automated
movements disrupts skilled execution, particularly under
psychological pressure (Masters & Maxwell, 2008).
Because modern golf technologies continuously
explicitly highlight bodily positions, angles, and micro-
movements, they inherently encourage athletes to
consciously self-monitor. This technology-induced
reinvestment  fosters an  explicit,  rule-based
representation of the golf swing. While this may
accelerate short-term technical comprehension, it creates
fragile motor patterns that are highly susceptible to
"choking™ during competition. Thus, technologies
designed to perfect mechanics may ironically undermine
the neural efficiency required for elite performance.

4.5 The Missing Brain in Golf Technology: Towards
a Neurocognitively Informed Approach

The findings of this review highlight a distinct “missing
brain” problem within the sports technology sector:
innovations in  mechanical measurement have far
outpaced our understanding of how the human nervous
system processes that data. Future developments in golf
training must pivot from the singular pursuit of
biomechanical precision toward a neurocognitively
informed approach. This paradigm prioritises the
alignment of digital feedback with the brain's natural
processes of adaptation and skill acquisition.

A neurocognitively informed approach fundamentally
alters feedback delivery. For instance, research
consistently demonstrates that an external focus of
attention (focusing on the movement's effect on the
environment) is superior to an internal focus (focusing on
body mechanics) for motor learning (Wulf, 2013). Yet,
most golf interfaces inherently promote an internal focus.
Shifting toward implicit learning strategies, where
feedback guides behaviour without burdening the athlete
with explicit declarative rules (Masters, 1992), represents
a crucial evolution for technology-assisted training,
ensuring that acquired skills remain robust under
competitive stress.

4.6 Future Directions: Towards Neurocognitively
Intelligent Golf Technologies

The next generation of golf technologies must transition
from passive measurement tools to neurocognitively
intelligent systems. One highly promising trajectory is
the seamless integration of neurophysiological
monitoring, such as  functional  near-infrared
spectroscopy (fNIRS), portable electroencephalography
(EEG), and advanced eye-tracking, directly into training
environments. By measuring neural efficiency, cognitive
load, and visual-motor control concurrently with swing
biomechanics, practitioners can transition toward a
holistic performance assessment framework.

Furthermore, artificial intelligence and machine learning
will play a pivotal role in personalising feedback
delivery. Future algorithmic platforms must evolve
beyond descriptive analytics to become dynamically
adaptive. By synthesising biomechanical data with real-
time indicators of an athlete's cognitive capacity and
emotional state, these intelligent systems will
autonomously determine not just what technical
information to provide, but precisely when and how to
deliver it to optimise neurocognitive uptake.

4.7 Practical Implications for Coaches, Practitioners,
and Technology Developers

The findings of this review have several important
implications for applied practice. First, coaches should
recognise that technological feedback is not inherently
beneficial. Although technological systems provide
valuable information regarding performance
characteristics, the effectiveness of feedback depends on
how athletes interpret and utilise that information.
Consequently, coaches should prioritise the strategic use
of technology rather than assuming that greater quantities
of feedback necessarily produce superior learning
outcomes.

Second, practitioners should carefully consider feedback
design. Consistent with contemporary motor-learning
principles, feedback should be concise, relevant, and
aligned with the athlete's developmental stage. For
novice performers, simplified feedback that facilitates
understanding  without  overwhelming  cognitive
resources may be most appropriate. In contrast, more
experienced performers may benefit from targeted
feedback directed towards specific performance
objectives. In both cases, information should be
presented in a manner that supports attentional control
and movement automaticity rather than encouraging
excessive conscious monitoring of technique.

Third, practitioners should be mindful of the potential
risks associated with overreliance on technology.
Athletes who become dependent upon constant feedback
may struggle to develop independent error-detection
capabilities and adaptive self-regulation strategies. From
a long-term athlete development perspective, there is
value in allowing performers to experience uncertainty,
interpret intrinsic feedback, and engage in active
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problem-solving. Consequently, feedback schedules
should be strategically managed to encourage learning
without creating dependency.

Design Implications for Technology Developers and
Sports Engineers

Existing systems developed by sports engineers have
largely focused on improving measurement precision,
often with less consideration given to inherent human
cognitive limitations. To successfully resolve the
technology-performance paradox, future design efforts
must translate neurocognitive insights into concrete User
Interface (UI) and User Experience (UX) features.
Adopting a user-centred, neurocognitive design
philosophy will fundamentally broaden the utility of
these digital tools and directly support optimal athletic
skill acquisition. A primary application of this
philosophy involves the implementation of adaptive
feedback algorithms. Rather than delivering a
continuous, exhaustive stream of data after every swing,
systems should utilise machine learning to modulate
feedback frequency based on real-time user performance.
For instance, algorithms could be programmed to
withhold data when a player's shot falls within an
acceptable error bandwidth, triggering visual or auditory
alerts only when a significant mechanical deviation
occurs. This approach directly mirrors the "bandwidth
feedback™ principle in motor learning, which actively
prevents information saturation while encouraging the
athlete to develop vital intrinsic error-detection skills.

In addition to regulating the frequency of information,
technology developers must carefully consider the
temporal delivery of data. Instantaneous visual feedback
often overrides an athlete's kinesthetic processing,
fostering a reliance on the device rather than the athlete's
internal sensory mechanisms. To counteract this, Ul
designs should feature an optional “processing delay”, a
programmed five- to ten-second pause before data
populates on the screen. This deliberate latency forces the
golfer to physically evaluate their movement and predict
the kinematic outcome, such as estimating the clubface
angle at impact, before receiving extrinsic validation
from the device. Engaging in this predictive evaluation
strengthens perceptual-motor coupling and fosters deeper
neural adaptation.

Furthermore, the graphical representation of performance
data must be fundamentally re-evaluated to mitigate the
risk of conscious reinvestment. External-focus Ul
visualisations should be prioritised, whereby visual
feedback is abstracted away from anatomical mechanics,
which inherently promote a detrimental internal focus,
and directed instead toward environmental or equipment
outcomes. Rather than displaying skeletal stick-figures or
raw joint-angle data to a novice, interfaces could translate
complex biomechanical data into intuitive visual
metaphors. For example, digital systems could illuminate
the ideal club path as a brightly coloured corridor on the
screen or utilise varying sound frequencies to represent
the rhythm and tempo of the swing. These externalised
representations preserve the mechanical integrity of the

movement without burdening the athlete with explicit
anatomical rules.

Finally, to systematically manage cognitive load,
software interfaces should employ the principle of
progressive disclosure by featuring distinct complexity
tiers. A streamlined “Performance Mode” might display
only one or two vital, pre-selected metrics, such as smash
factor and carry distance, to preserve working memory
during active, repetitive practice. Conversely, a separate
“Diagnostic Mode”, shielded by an intentional menu
layer, would house the complex, multi-variable
kinematics, such as spin loft and kinematic sequencing
graphs, reserved exclusively for post-session review by
the coach and athlete. By architecting information in this
manner, developers can ensure that high-fidelity
biomechanical data remains accessible for deep technical
analysis without disrupting the cognitive states required
for fluid, automated skill execution during physical
practice.

4.8 Limitations of the Review

Several  methodological  limitations  must  be
acknowledged when interpreting these findings. First, the
synthesised literature exhibited substantial heterogeneity
regarding participant demographics, technological
interventions, and experimental designs, which
precluded a quantitative meta-analysis. Second, while
this review adopts a strict neurocognitive perspective, the
majority of the included empirical studies relied on
behavioural performance metrics to infer underlying
cognitive states, highlighting a distinct scarcity of direct
neurophysiological monitoring in golf technology
research. Finally, both the Neurocognitive Golf
Technology Framework (NGTF) and the Technology-
Performance Paradox are introduced as novel conceptual
models. While grounded thoroughly in established
interdisciplinary theory, they necessitate rigorous
empirical validation through future longitudinal and
experimental investigations.

5. Conclusion

The rapid proliferation of sophisticated golf
technologies, spanning launch monitors, motion-capture
systems, wearable sensors, and artificial intelligence
platforms, has fundamentally transformed contemporary
performance analysis and athletic development. While
these digital environments offer unprecedented
opportunities for biomechanical refinement and objective
error detection, the findings of this systematic review
robustly challenge the prevailing industry assumption
that increased access to high-fidelity data inherently
produces superior athletic outcomes. The synthesised
evidence indicates that technological interventions exert
a paradoxical influence on performance; although
strategic feedback facilitates skill acquisition, excessive
or poorly designed data delivery actively increases
cognitive load, encourages conscious reinvestment, and
ultimately  disrupts the movement automaticity
characteristic of expert execution. Consequently, the
efficacy of augmented feedback is determined not by the
sheer volume of diagnostic information generated, but by
its precise alignment with the performer's intrinsic
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neurocognitive processing capacities.

To theoretically conceptualise this phenomenon, the
present review introduced the Neurocognitive Golf
Technology Framework (NGTF), a novel integrative
model that repositions neurocognitive and motor-
learning processes as the primary mediating pathways
between technological input and physical execution. By
synthesising interdisciplinary evidence from cognitive
neuroscience, motor learning, sport psychology, and
biomechanics, the NGTF posits that attentional
regulation, working memory capacity, neural efficiency,
and sensorimotor integration collectively dictate how
technological feedback is internalised and functionally
utilised. This framework provides a critical theoretical
mechanism to explain the Technology-Performance
Paradox, offering a comprehensive, evidence-based
foundation for future empirical investigations aimed at
optimising technology-assisted training environments.

Ultimately, the central conclusion of this review asserts
that technology does not augment performance simply
through the generation of vast, multi-variable datasets.
Rather, technology only enhances athletic execution
when its implementation actively supports the human
brain’s natural architecture for learning, adaptation, and
automated motor control. The future trajectory of sports
technology must therefore pivot from merely expanding
biomechanical measurement capabilities  toward
developing neurocognitively intelligent systems that
respond to the cognitive state of the human performer.
Only when engineering innovation is deeply integrated
with neurocognitive insight can the true potential of
technology-enhanced golf training be fully realised.
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