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Abstract

Gait is a unique biometric characteristic that is observable and has become more prominent
in forensic applications beyond its traditional use. Investigators often rely on it for suspect
profiling and even for use in court. Because of its dynamic and flexible nature, it could
remain viable in forensic applications where other biometric elements are diminished.
Surveillance videos, even if long-range, low-resolution, and partially masked, can still
convey gait. In this paper, the science, the methods, and the forensic applications of gait
analysis are analyzed. Within this, we focus on modern research cited on the distinctiveness
of an individual’s gait, the intra-individual constancy, and the frameworks and methods
that regulate and assess the evidentiary quality of gait analysis. The use of gait in the
court of law is still requires further development despite the increasing interest in its
applications. Currently, forensic gait analysis primarily focuses on two issues: first, the lack
of data from representative populations, which weakens the evaluation of evidential value
through probabilistic reasoning—such as the likelihood ratio; and second, contextual biases
that may influence the analysis of video footage. Formalized standards that regulate gait
analysis and advancements that focus on procedural standards and the communication of
evidence are positive steps towards creating a stable platform for probabilistic frameworks.
Forensic gait analysis has potential, but the literature suggests that the class-feature level of
gait, interpretive bias, control, and verification methodologies, along with representative
populations, must be developed. The aim of this is to provide reliable and grounded
evidence and support the evaluation of evidential strength.

Keywords: forensic gait analysis; biomechanical characterization; score likelihood ratio;
database development

1. Introduction
The convenience of modern video surveillance technologies combined with the preva-

lence of AI means intelligence agencies, police forces, and other government institutions
are able to analyze behavioral patterns through monitoring gait. They can do this in ways
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that static biometric identifiers (fingerprints, facial recognition, DNA) are unable to match.
Gait, unlike fingerprints and other biometrics, is useful for video surveillance that operates
at long distance or low resolution, cameras that are obstructed, and/or with individuals
who are unwilling to cooperate. As forensic evidence increasingly extends from static
biometric identifiers to dynamic characteristics, evidence based on gait is receiving in-
creasing attention in criminal investigation, suspect comparison, and forensic evidential
interpretation [1,2], is presented in Figure 1.

 

Figure 1. Methods for forensic gait analysis and identification and applications in forensic science.

The word gait refers to the way a person moves [3]. Walking style has both geometric
and force aspects, such as how the legs move and the phases of a walking cycle. These
aspects are very specific to an individual [4]. While gait analysis was originally developed
and widely applied in the fields of medicine, engineering, and computer science, its po-
tential forensic applications have garnered increasing attention in recent years [5,6]. Gait
analysis, broadly defined, is the systematic study of human walking or running movements;
forensic gait analysis, by contrast, integrates podiatric knowledge and skills from clinical
gait assessment with forensic science principles and practices. DiMaggio and Vernon define
forensic gait analysis as “the analysis and comparison of gait and gait features for the pur-
poses of identification and recognition” [7]. Importantly, forensic gait analysis differs from
automated gait recognition. The former is a process of observation, analysis, comparison,
and evaluation regarding gait characteristics, led by experts within the context of forensic
science. The latter primarily refers to automated matching, classification, or identity verifi-
cation methods based on computer vision and biometric algorithms, typically producing
match scores, classification results, or ranked lists of candidates. It is equally important to
distinguish between different approaches that operate under the broad heading of FGA
itself. The observational approach governed by the UK Code of Practice for Forensic Gait
Analysis explicitly frames FGA as a tool for assisting criminal investigation through the
analysis, comparison, and evaluation of gait features [8]; it states that isolated gait features,
while potentially discriminating, cannot currently be used to identify a person from an
open population. This method focuses on features of a class rather than distinctiveness
and requires control mechanisms including cognitive bias control, blind verification, and
structured analytical techniques [9]. A parallel but distinct discussion appears in the Royal

https://doi.org/10.3390/info17070657

https://doi.org/10.3390/info17070657


Information 2026, 17, 657 3 of 25

Society’s Forensic Gait Analysis: A Primer for Courts [10], which evaluates the scientific
grounding and the constraints of gait-based identification and primarily addresses a legal
audience. Rather than contradicting one another, these two documents are complementary.
The Primer determines what science can and cannot substantiate, and the Code establishes
the procedural framework in which casework can be conducted to defensibly forensic
standards. On the other hand, automated gait recognition is focused on biometric algo-
rithms used for large-scale surveys and is based on different technical and evidence-based
assumptions [11]. This review analyzes each method individually and accordingly.

Almost 186 years ago, a court case introduced gait analysis as a method of identification
based on the study of human movement characteristics [12]. In 2004, Sweden admitted gait
comparison evidence for the first time as part of the assassination of the Swedish Foreign
Minister, building on earlier precedents like R. v. Saunders [5] in the UK. The combination
of gait, facial, and body morphological features ultimately contributed to the identification
of the suspect [5,13]. Strengthening Forensic Science in the United States: A Path Forward, com-
monly referred to as the NAS (National Academy of Sciences) Report [14], highlighted critical
flaws across multiple forensic science disciplines, most notably the widespread lack of rig-
orous, systematic scientific validation for many commonly used methods [15]. Traditional
morphologically based comparison techniques—such as fingerprint, footwear, ballistic, and
toolmark analyses—have long operated without adequate testing of their scientific reliability
and validity [16,17]. Forensic gait analysis has been similarly affected; the quality of gait
evidence remains uneven, and the absence of empirical validation continues to provoke
skepticism. Courts have expressed concern that reliance on gait analysis may fall short of the
Daubert Standard, which requires demonstrated reliability through validation studies, known
error rates, and peer-reviewed methodology. Instead, excessive reliance on expert subjective
judgment has been observed in the absence of these criteria [5]. While robust protocols have
been established in certain jurisdictions, their uneven international adoption and the absence
of globally harmonized competency standards continue to limit the broader integration of
forensic gait analysis into judicial practice [8].

This paper provides a critical and balanced review of forensic gait analysis from an
international perspective. It explores the scientific basis of gait characteristics, including
evidence of inter-individual variability and intra-individual consistency. It also reviews
observational comparison, plantar pressure analysis, optical motion capture, and automated
methods, discussing the evaluation and use of gait evidence under different jurisdictional
and professional regulatory frameworks. Unlike reviews that mainly focus on specific
techniques or biometric recognition performance, this review adopts the interpretation
of forensic evidence as its organizational perspective. It links gait feature measurability,
intra-individual consistency, inter-individual variability, method validation, and reporting
limitations to issues such as standardization, cognitive bias control, population reference
data, and likelihood ratio evaluation.

To ensure the systematic nature of the review and the traceability of the literature
sources, this study employed a structured literature search and qualitative screening
process to identify relevant studies. Literature was primarily retrieved from databases
such as Web of Science, Scopus, PubMed, Google Scholar, and CNKI to cover relevant
fields including forensic science, biomechanics, medical gait analysis, computer vision,
biometrics, and Chinese forensic science research. Professional guidelines and practice
manuals related to forensic gait analysis were supplemented through reference tracing
and manual searches. Keywords included “forensic gait analysis”, “forensic podiatry”,
“gait recognition”, “gait biometrics”, “CCTV gait analysis”, “video-based gait comparison”,
“morphometric assessment”, “plantar pressure”, “optical motion capture”, “markerless
motion capture”, “wearable sensor”, “likelihood ratio”, and “forensic evidence evaluation”.
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The search focused on literature published since 2000, reflecting the growing attention
forensic gait analysis has received in modern forensic practice and academic research, while
also including early literature of historical, methodological, or evidentiary significance.

The inclusion criteria for the literature were as follows: studies directly related to
forensic gait analysis, gait recognition, biomechanical gait measurements, the evaluation
of forensic scientific evidence, and capable of providing theoretical, methodological, or
practical support for the measurability of gait characteristics, intra-individual stability,
inter-individual variability, observational comparisons, video morphometry, plantar pres-
sure analysis, 3D or markerless motion capture, automated gait recognition, database
construction, standardization practices, or probabilistic evidence evaluation. Included liter-
ature types encompassed original research, reviews, methodological papers, professional
guidelines, forensic science practice documents, and representative materials related to the
admissibility of evidence. Excluded literature included studies focused solely on clinical
diagnosis or rehabilitation assessment that lacked forensic relevance, as well as motion
analysis studies not directly related to the interpretation of gait evidence. Following a
relevance screening of titles, abstracts, and full texts, a total of 80 articles were ultimately
included for the qualitative review analysis in this study.

2. Current Developments in Forensic Gait Analysis
2.1. Historical Evolution of Forensic Gait Analysis

Forensic gait analysis dates back to the 4th century BCE when Aristotle made some of
the first human gait observations. With philosophical observations of human movement,
Aristotle created the base of the intellectual origins of gait analysis [12]. In the 15th century,
during the Renaissance, Leonardo da Vinci contributed extensively with descriptions of
human anatomy and drawings of muscles and bones. He was a pioneer in visualizing the
frameworks of anatomy, with a deep understanding of dynamic movements. He was later
followed by Italian physicist Galileo Galilei, who extensively studied the basic principles
of the laws of movement. Although his work primarily focused on physical objects, it
significantly influenced the development of movement science. Galileo’s student, Giovanni
Alfonso Borelli, extended his mentor’s mechanical reasoning into the realm of biology.
In his seminal work De Motu Animalium (On the Movement of Animals), Borelli was the
first to systematically apply principles of physics to explain the mechanics of biological
motion. By analyzing the forward displacement of the body’s center of mass and the
principles of dynamic balance during walking, he revealed the lever mechanics of muscle
contraction [16]. This treatise is widely recognized as the founding work of biomechanics,
marking the first systematic integration of mechanics, anatomy, and physiology in the
study of human movement.

The application of gait analysis in the field of forensic science began in the mid-19th
century. Early court cases revealed substantial variability in the quality of gait evidence;
while some cases relied on subjective eyewitness accounts, others incorporated expert
testimony supported by scientific observations [12]. The lack of methodological reliability
and consistency in such evidence has limited its scientific evaluation and hindered its
probative value in legal proceedings.

In the late 19th century, French criminologist Alphonse Bertillon introduced the anthro-
pometric identification system, which recorded offenders’ physical traits such as stature,
sitting height, arm span, head circumference, and ear length. Importantly, Bertillon also
suggested using gait-related parameters, including step length, speed of walking, and
posture, for identifying individuals. Despite its limitations, Bertillon’s work was a major
contribution to the field of observational analysis of gait [12]. H. H. Wilder and B. Went-
worth, building on this framework, proposed a systematic and reproducible approach to
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gait comparison [12]. In 1937, Sydney Smith, a police surgeon, was the first forensic expert
to provide insight into gait comparison evidence in court [18]. Smith studied a suspect’s
shoes to identify their physique and gait characteristics. This showcased the transition of
gait analysis from theory to practice in the field of forensics [18].

The technological turning point for modern forensic gait analysis occurred in the late
20th century, marking the beginning of a phase characterized by increased scrutiny of its
scientific foundations and methodological rigor. Stevenage et al. experimentally demon-
strated that observers could reliably distinguish between individuals based on gait patterns
captured in video recordings, facilitating the transition of gait recognition technology from
clinical applications to forensic science contexts [4]. In other jurisdictions, forensic scientists
have also explored the use of flat footprint sequences and gait-related characteristics to
infer an individual’s walking patterns. This approach laid a practical foundation for early
forensic gait analysis in China [19,20]. These early studies primarily served to analyze
case leads and conduct empirical comparisons, demonstrating the potential value of gait
analysis as an auxiliary tool in criminal investigations; however, its methodological re-
liability, reproducibility, and the boundaries of its evidentiary admissibility still require
further validation. In the 1990s, Niyogi and Adelson utilized gait as a biometric feature
in identification recognition, advancing the development of automated gait recognition
and biometric algorithm development [21]. In July 2000, British podiatrist Haydn Kelly
introduced forensic gait analysis as admissible evidence at the Central Criminal Court
(Old Bailey) in London [22]. Since the early 21st century, the International Association for
Identification (IAI) has formally recognized forensic podiatry as a distinct subdiscipline,
with forensic gait analysis established as one of its core components [23,24]. The IAI ad-
vocates that gait analysis practice should conform to established principles and ethical
standards used in traditional forensic comparison sciences, specifically adhering to the ACE-
V framework (Analysis, Comparison, Evaluation, and Verification). In their co-authored
monograph Forensic Podiatry: Principles and Methods, DiMaggio and Vernon proposed a dual
classification approach distinguishing between pathological and behavioral gait features,
aiming to integrate experiential interpretation with data-driven analysis [7,23].In the initial
stages of development of forensic gait analysis, a good description of the situation included
the concept of “practice preceding theory.” Many case applications did not have clear and
replicable methods. In the 2011 case R. v. Otway, while the defense argued for expert gait
analysis’ inadmissibility due to a lack of statistical support, the court still accepted the
evidence. The acceptance of the evidence has caused extensive debate in academia as the
court’s critics argued that the court had relied heavily upon the medical expert testimony
while ignoring forensic standards and the Daubert criteria, in particular [25].

To address these problems, the Royal Society of Edinburgh, in partnership with
the Judicial College, produced Forensic Gait Analysis: A Primer for Courts in 2017. This
publication gives an in-depth description of the science, applications, and deficiencies of
forensic gait analysis. The report recognized the restraint of scientific support for gait
analysis and warned against the direct application of clinical gait analysis and adjacent
technologies to forensic gait analysis. It warned that forensic gait analysis is in a transitional
stage of development, from a subjective, experience-dependent evaluation to a scientific,
evidence-based approach [10]. This primer document has been criticized for many things
within the forensic community, including by Nirenberg et al., who state that the document
has an overly simplistic view and understanding of the available literature. They also
say the document considers observational practices of forensic science that do not claim
individual identification, such as research that studies how different observers may be able
to identify different subjects [12]. In 2018, both the Chartered Society of Forensic Sciences
and the College of Podiatry published the Draft Forensic Gait Analysis: Code of Practice, where
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the authors highlighted the importance of the regulation of cognitive bias, the validation of
analytical methods, and the assurance of the proficiency of forensic practitioners [8]. The
main objective was to enhance the scientific rigor and operational dependability of gait
analysis during legal procedures [8]. Following a year of amendments, the final publication
of the Code of Practice for Forensic Gait Analysis offers a complete overview for the practice of
gait analysis in forensic settings. The report emphasizes the importance of maintaining legal
and ethical standards to uphold the integrity and evidential soundness of gait analysis in
criminal case work [8]. It is necessary to analyze these documents in relation to their goals
and reach. The Primer lays out an identification framework, where identification of what
science can and cannot support gait-based identification is detailed. The Code of Practice, on
the other hand, requires FGA to be treated as a class-level comparison technique, rather than
identification from an open population, and sets operational requirements for limitation
disclosure, validated analysis, ACE-V procedures, and blind verification, which all directly
respond to limitations recognized by the Primer [10,12,26,27]. These two documents have
contributions to the field that are complementary rather than contradictory. Together with
the third document, these two mark a key advancement in the objectification and scientific
standardization of forensic gait analysis. They represent the movement in the field from
subjective interpretations based on personal experience to a structured, testable system.
This movement advances the admissibility and legal credibility of gait evidence within a
court system. Representative figures and key milestones in the historical development of
forensic gait analysis are summarized in Table 1.

Table 1. Evolution of forensic gait analysis.

Time Representative
Personage Typical Event Meaning

4th Century BC Aristotle, ancient
Greek philosophers

Recorded
observations on
gait

Laid the ideological
foundation for gait
analysis

15th Century Leonardo da Vinci,
Italy

Anatomical
drawing and
description of
human movement

Great significance
for understanding
human body
dynamics

17th Century
Galileo Galilei and
Giovanni Alfonso
Borelli, Italy

Analyzed human
movement through
principles of
physics

Provided
mechanical support
for gait analysis

Mid-19th Century
French
criminologist
Alphonse Bertillon

Proposed the
anthropometric
method and
incorporated gait
features

Provide the basis
for individual
identification
methods for gait
analysis

1937 Police surgeon
Sydney Smith

The first use of gait
factors as evidence

Promote the
transformation of
gait analysis from
theory to practice

The 1980s Experts in gait in
China

Demonstrated the
application value of
the gait inspection
technique in
criminal case
investigation

Promoted the
development of
gait analysis in
forensic science in
China
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Table 1. Cont.

Time Representative
Personage Typical Event Meaning

The 1990s Niyogi and
Adelson

Research on gait as
an effective feature
for identity
recognition

Confirmed gait
recognition as an
effective form of
evidence in courts

2000 Podiatrist
Haydn Kelly, UK

Introduced gait
analysis as
evidence in the
central criminal
court for the first
time

Pioneered the
application of
qualitative gait
analysis in the
courtroom

Early 21st century
International
Identification
Association

Established the
disciplinary status
of forensic podiatry

Integrated
courtroom gait
analysis into the
core scope of
forensic podiatry

2011 The case of R. v.
Otway, UK

Accepted the
evidence of gait
analysis in court

Sparked a
controversy
regarding the
legality and
reliability of gait
analysis as
evidence in courts
[26]

2017 The Royal Society

Published Forensic
Gait Analysis: A
Primer for Courts
[10]

Provided a
comprehensive and
scientific
examination for
courtroom gait
analysis

2018

The Chartered
Society of Forensic
Sciences and the
College of Podiatry

Released Draft
Forensic Gait
Analysis: Code of
Practice [8]

Emphasized
method validation
and expert
competence
requirements, and
enhanced
scientificity and
effectiveness

2019

The Chartered
Society of Forensic
Sciences and the
College of Podiatry

Jointly released
Code of Practice for
Forensic Gait
Analysis [8]

Provided guidance
on the legal and
ethical standards
for forensic gait
analysis

2.2. Scientific Basis of Forensic Gait Analysis
2.2.1. Research on Inter-Individual Variability in Gait/Inter-Subject Gait Variability

In recent years, scholars have examined the inter-individual variability of human gait,
commonly known as gait specificity, from multiple perspectives. These studies imply that
gait characteristics tend to show some level of individuality, particularly with extended
observation. Yang and others showed that the variation of joint angles at differing walking
speeds impacts gait patterns, and that changes in the joints with respect to gait speeds have
a pronounced impact on gait identification [28]. Yang et al. also focused on gait kinematic
variability when analyzing different walking speed scenarios. They drew attention to
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the importance of speed consistency when comparing the gait patterns of the suspect
and the perpetrator in a forensic context [29]. Another study by Lynnrupp and Larsen
explored the use of gait as forensic evidence and scenarios in which presentation of the
face is unfeasible. They also recognized that the considerable difference in gait is also
affected by the individual gait and the environment, which may affect gait, resulting in
variation of gait for the same individual in different scenarios [30]. Using the Footscan
system to examine walking patterns, Zhang Tengdan and Guo Wei discovered that the gait
of university students is also notably influenced by their sex [31]. Amirudin et al. studied
different incline conditions of stair ambulation. They showed how the kinematic and
kinetic characteristics of lower limb joints (hip, knee, ankle) can be helpful in differentiating
individuals [32]. Wu Baoping and colleagues studied different body types among university
students and found that the way students walked corresponded to their bodily condition,
especially in terms of how pressure was distributed on their feet [33]. Ren Lu incorporated
a 3D motion capture system and the Footscan platform to investigate gait parameters in
individuals with a rightward trunk inclination as opposed to individuals with a neutral
trunk position. The results of this study aided in the empirical understanding of the stability
of gait characteristics [34]. This research has shown that factors related to plantar pressure,
particularly in the heel and metatarsal areas, have the test-retest reliability to be used as
frameworks to study intra-individual reproducibility in controlled environments.

According to some respondents, the primary concern regarding the use of gait analysis
in forensic science is that practitioners can utilize gait analysis within the context of forensic
science, to a certain extent, yet there is not sufficient evidence in support of gait analysis in
forensic science. There are not sufficient and clear statistical data to describe the population
frequency of gait characteristics, nor are there data to describe how particular combinations
of gait characteristics can be used at the class level to differentiate individuals [35].

This perspective is also supported by Birch et al., as they highlighted that specificity of
gait is only possible through accurate kinetic and kinematic measurements [9]. The evidence
supporting gait analysis in forensics is inadequate, and that gait specificity needs empirical
evidence. As stated in the Royal Society report Forensic Gait Analysis: A Primer for Courts [10],
individual gait patterns may change substantially because of environmental factors, speed
of walking, and/or physical condition. Furthermore, analysis of the angular and motion
data from videos is often imprecise and does not allow for individual differences to be
determined. The report indicates that gait features should be seen as class characteristics in
gait analysis, as these features cannot uniquely identify an individual due to the possibility
of their presence in many people. Such evidence should be evaluated in the context
of forensic science practice, should be treated cautiously, and should be used as either
supporting or disqualifying evidence, but should never be considered conclusive. Oliver
Ludwig et al.’s study illustrated that typically, gait variability in different test settings is
larger than the variability exhibited by the subjects in these settings. This is well known
and considered by forensic gait analysts in the context of the like-for-like comparison
requirement, which states that gait features should only be assessed in the same context
and conditions, and any changes that are observed should be evaluated and assessed in the
context of the report [36].

Kinematic distinctiveness in gait is grounded in the internal kinetic distributions in
the body, especially the variation in the data of plantar pressure. Zhang and Guo’s study
showed noticeable statistical differences in peak plantar pressures in different zones of
the foot for both genders, thus showing the very high discriminative ability of kinetic gait
features in sex classification [31]. Likewise, Wu described differences in the characteristics
of plantar pressure when natural walking occurs among students of varying body types,
verifying the significant role anatomy plays in defining the characteristics of gait [33].
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The current research in gait features studies provides a clear synthesis of the essential
difficulties. While forensic gait analysts work at the class level of characteristics—the level
of analysis where they draw the line between compatibility (or exclusion), and where
the latter class may possess individual uniqueness—the ground level in the empirical
domain for the frequency of population for the combinations of gait features is missing. To
improve the statistical foundation of class-level evidential assessment, a systematic study
of controlled parameters is needed to support the construction of reference databases in
order to employ likelihood-ratio-based assessments [37].

2.2.2. Research on Intra-Individual Consistency in Gait/Intra-Subject Gait Variability

Research on intra-individual consistency in gait, also referred to as gait stability, has
primarily focused on analyzing the effects of different environments, walking speeds, and
time intervals on gait, and has further extended to include multiple factors such as age,
sex, physical constitution, and physical condition. Gao et al. used a plantar pressure
measurement system to reveal the distribution patterns of plantar pressure across different
age groups. Their results indicated that heel impression characteristics are relatively stable
and reliable gait features and are significantly correlated with age, providing theoretical
support for inferring age through gait analysis [38]. Xu Xing et al. reported that male and
female young adults exhibited obvious differences in the regional stability of peak plantar
pressure during walking, offering a basis for inferring gender through footprints or gait
characteristics [39]. Tong Suyang et al. studied peak plantar pressure in young adults and
examined its regional stability during normal walking. Their results validated the reliability
and stability of certain gait characteristics based on traditional footprint theory [40].

In the meantime, Deng etc. analyzed knee joint movement stability. High consistency
of kinematic parameters was observed in the same subject through different sessions of
natural walking. Therefore, it can be suggested that knee joint movements are highly
stable and provide a basis for a theoretical classification of gait characteristics [41]. In
an unrelated study, Ludwig and colleagues examined the differences in gait patterns of
eight subjects under a variety of walking conditions. These included walking barefoot,
in athletic shoes, in military boots, after experiencing muscle fatigue, and walking with
visual obstructions. Their research concluded that the variability in gait patterns caused by
experimental conditions, such as those previously mentioned, far outweigh the variability
seen between subjects. This presents a problem for the evidential stability of gait in
forensic applications [36]. Kadaba et al. gathered kinematic, kinetic, and EMG data
on 40 humans over 3 days and affirmed that gait is fairly consistent during self-paced
walking [42]. Sangeux et al. examined the kinematic variability in children and said that
the intra-individual consistency of gait improves with development [43]. Growney et al.
studied gait stability in healthy adults by capturing normal walking data with an optical
motion capture system. Their findings showed that although there was a lot of inter-day
variability, there was good intra-day repeatability in kinematic and kinetic data [44]. Plantar
pressure analysis is also used to assess intra-individual consistency in gait-related dynamic
characteristics under controlled walking conditions. Some research has been conducted on
the repeatability of plantar pressure within the realm of forensic gait analysis. In studies
conducted by Gao et al., Xu et al., and Tong et al., stable repeatable patterns were found in
the heel and metatarsal regions. These findings suggest that pressure variables in certain
areas of the heel and metatarsal regions can provide information for evaluating the stability
of gait characteristics associated with footprints [38–40]. However, whether such intra-
individual repeatability is sufficient to support individual-level discrimination remains
insufficiently supported by representative population data, feature-frequency information,
and probabilistic evidence evaluation.
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Gait consistency on an intra-individual level is influenced by age, sex, gait speed, and gait-
related physical condition. Footwear and walking gait may be subject to a lot of variability. For
this reason, forensic analysts should consider an environment’s external variables in regards
to their use of gait evidence. In fact, the consideration of external variables does not lessen the
value of the gait evidence in forensic science; rather, the variables should be compared and
disclosed to avoid altering the findings of the analysis [26,45]. With continual advancements
in measurement protocols and data processing, future studies should focus on evaluating the
stability and variability of gait features in diverse populations and under different ecological
settings. This would help build the empirical basis for class-level forensic gait assessment.

3. Research Methods and Techniques
3.1. Observational Gait Analysis

Observational gait analysis (OGA) is the main technique used within the forensic
community due to its effectiveness for low-quality cases where reliable morphometric
measurements cannot be made. Formerly known as visual gait comparison, OGA refers
to a technique that relies on the non-invasive, systematic visual assessment of human
locomotion. The technique requires an expert’s eye in the identification of specific features
that can be analyzed within the scope of OGA. Examples of such features include, but are
not limited to, trunk position, arm swing, gait symmetry, cadence, and stride length [3,46].
Variations in gait are often recorded, describing observations using an ordinal scale. OGA
is the most practical method of assessing gait in forensics, given that it does not require
expensive equipment. Forensic gait analysis applies this method to preliminary screening
and evaluation of suspects in criminal cases [12,26].

In the past, critics have pointed to the subjective nature and cognitive biases involved
in the analysis of OGA when questioning its scientific validity. Analysts examine departures
from the norm in gait patterns through fast, short, dynamic observations. Exposure to
contextual data, which are not gait-related, such as a person’s clothing, their companions,
or the environment where the scene takes place, presents the risk of an unconscious impact
on judgment [5]. Early critiques noted a lack of standardized metrics and a challenge in
quantifying the error rate. In time, these critiques were addressed as techniques expanded.
The Sheffield Features of Gait Tool (SFGT), designed by Birch and his team, provides a
systematized tool for gait observation for forensic purposes. Empirical studies find that
analysts who are subject to and experienced with the SFGT are able to reach high levels
of inter-analyst/observer and intra-analyst/observer reliability. Observation is removed
from the realm of the subjective and placed in a system of observation that can be justified
and documented for forensic purposes [27,47]. The Code of Practice for Forensic Gait Analysis
includes blind verification procedures that stipulate that a second independent analyst
review the evidence without being informed of the conclusions drawn by the first analyst.
This is a formal procedure for addressing cognitive bias [8]. All evidence suggests that OGA
conducted with validated tools and set procedures can meet class-feature-level forensic
standard analysis. The challenge is not standards; it is their consistent application across
jurisdictions and types of casework [37].

3.2. Video-Based Morphometric Measurement Method

The morphometric measurement method that uses video is an extension of visual
inspection with the addition of measurement. This method consists of the measurement
of important anatomical landmarks (hip, knee, ankle) on a frame-by-frame basis on a
recorded video. The software generates and measures gait cycle parameters, which include
spatial and temporal metrics, as well as the stride length, cadence, and angles of the
joints [13]. This method improves the objectivity and reliability of forensic gait analysis [13].
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It is especially appropriate for footage with an unmoving camera that captures a distinct
walking path and whole gait cycles, and it is most effective when video resolution and
frame rates fit the standards [30]. Unlike the visual observation approach, it accounts for
the observer’s limitations in tracking rapid movements and provides the option to replay
the video in controlled time intervals for viewable analyses. Video analysis software has
the potential to enhance consistency among raters in documenting features, but its use in
forensic settings is confined to clinical validation studies [48]. Because most surveillance
video is two-dimensional and shot from uncontrolled angles, measurement errors can occur.
Analysis accuracy drops notably when the perspective stretches past the sagittal plane or
when the video is at an insufficient frame rate. In addition, the technique still depends
on forensic analysts to act on their discretion in terms of selecting marker points and
measurement techniques. Interpretation of forensic gait aspects is still, in essence, subjective.
The analysts’ expertise with this technique and the analysis quality itself are directly
impacted. The analysis process is still partially and insufficiently automated, resulting
in a low degree of repeatability [49]. According to Birch et al., while expert observations
are critical to gait analysis in criminal courts, the reliability and repeatability of forensic
gait analysis will be enhanced through the use of dedicated analytical techniques [27,47].
However, these increases in reproducibility are reliant on the quality of the footage and the
conditions of the measurements, which are often beyond the control of the analyst during
casework. This limits the confidence courts can meaningfully attach to findings derived
from this method [49,50].

3.3. Plantar Pressure Analysis Method

Unlike the casework-oriented methods described behind, the techniques discussed in
this section serve primarily as foundational validation tools. Within an integrated forensic
evidence evaluation framework, laboratory-based kinetic methods serve to empirically
validate the distinctiveness of gait features observed in lower-quality surveillance video
and to support the construction of population reference databases essential for likelihood
ratio calculation. Plantar pressure analysis is a popular method of gait analysis used in
laboratories. Unlike force platform systems, which evaluate ground reaction forces, this
method uses pressure sensors that record the distribution of force applied by the sole of the
foot to the ground. This yields kinetic information like contact area, peak pressure, and
center of pressure trajectory [51]. This has many applications in gait analysis, sports science,
rehabilitation medicine, and shoe design. A detailed view of the attachment of sensors in
different regions of the human body is shown in Figure 2a. It has many applications in the
forensic sciences, especially in studying stability of gait, intra-individual consistency, and
inter-individual variability. It has also been used to study the effects of gender, age, and
physical condition on forensic gait characteristics. Some of the studies in the area show
that young males and females experience significant differences in the stability of plantar
pressure in different regions of the foot and that differences in the peak plantar pressure
correspond to the impression patterns in the classical theory of footprints. However, its
use is limited to a controlled experimental setup. It also has a limited application scope
and does not lend itself easily to field or open experiments. It, at best, has a very limited
foundation as a criminal evidence research tool to help document standard databases of
gait analysis and study the phenomenon of differences in population gait. However, in
recent years, many advances in sensing and material science have created many exciting
opportunities in the area of gait analysis [52]. These sensors can record and provide
feedback on human activities [53,54]. Wearable pressure sensor technologies and integrated
multimodal systems offer promising directions for extending plantar pressure measurement
beyond controlled laboratory settings, though their forensic applicability—with respect to
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standardization, error rate evaluation, and admissibility requirements—requires systematic
investigation before contributing meaningfully to casework practice. Integrated with
pressure sensors, this device enables on-site gait data acquisition and can assist in detecting
abnormal motion patterns, as shown in Figure 2b [55]. Beigh et al. proposed a flexible
pressure sensor array based on piezoelectric and triboelectric conversion mechanisms.
Their single-electrode triboelectric pressure sensor enabled real-time tactile mapping and
performed well in multipoint pressure detection, as shown in Figure 2c [56]. Li et al.
constructed a plantar sensor system based on polyimide materials, characterized by high
sensitivity, wide sensing range, strong interfacial toughness, and durability. This system
is capable of real-time plantar pressure monitoring during various physical activities,
as shown in Figure 2d [57]. The primary contribution of plantar pressure analysis to
forensic gait assessment therefore lies not in direct casework application, but in providing
the population-level kinetic reference data that any likelihood ratio framework for gait
evidence will ultimately require.

 

Figure 2. The sensors used in gait analysis: (a) detailed view of attachment of sensors in different
region of human body [51]; (b) integrated sensing system for human gait analysis [55]; (c) triboelectric
plantar pressure sensor [56]; (d) flexible multi-channel plantar pressure sensor [57].

3.4. Optical Motion Capture Analysis

The optical motion capture systems are camera-based technologies that reconstruct the
spatial trajectories of joint and limb movements by tracking reflective markers placed on
key anatomical landmarks. Recognized for their high precision and systematic capabilities,
these systems are among the most accurate tools currently used in forensic gait analysis,
as illustrated in Figure 3. Reflective markers are applied following widely adopted gait
analysis protocols, such as the CAST and Conventional Gait Model. Previous studies have
shown that knee joint movements exhibit high intra-individual consistency across repeated
natural walking trials by the same individual, providing theoretical support for the study
of gait stability and individuality [34,41]. However, their high cost, operational complexity,
and limited field applicability currently restrict their use primarily to experimental and
research contexts. Studies using optical motion capture have reported high reliability in
kinematic parameter assessment and have demonstrated its utility in examining foot feature
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specificity and stability at the class-feature level [58,59]. In this context, Nguyen et al. de-
veloped a method that uses optical motion capture to track joint positions and analyze gait
patterns from 28 participants under different conditions. Their findings demonstrated that
gait movements, whether under normal walking or load-carrying conditions, still retained
sufficient individual specificity for identification purposes, underscoring the practical value
of the method [60]. Furthermore, Liang et al. validated the reliability and effectiveness of
gait analysis systems using markerless 3D pose estimation techniques, thereby opening
new possibilities for practical application [61]. Sandau assessed motion capture systems
that used markers and those that did not. He found that the markerless methods were
effective at measuring hip flexion-extension and hip abduction-adduction angles. In addi-
tion, he stated that the markerless methods were less effective when measuring ankle joint
movements and internal–external rotation [62].

 

Figure 3. Optical motion capture system. The red, green, and blue axes represent the X-, Y-, and
Z-axes, respectively, of the global coordinate system in the Qualisys Track Manager (QTM) display.

In forensic gait research, optical motion capture systems are the lab reference methods
of highest precision. They track reflective markers at specific anatomical landmarks. Then,
3D tracking systems reconstruct and analyze movement trajectories and kinematics for
each joint through every phase of the gait cycle [63]. Motion capture platforms provide
high-resolution motion data for gait analysis and are useful in establishing baseline stability
and reference data for comparisons against lower-resolution or markerless methods. They
are valuable in assessing baseline stability and gait distinctiveness. In forensic gait analysis,
motion capture platforms are useful in validating, calibrating, and benchmarking methods.
They are not routinely used in surveillance-led casework.

There is a growing body of research that applies motion capture technologies to ex-
amine gait and related sub-field elements, including gait consistency and inter-subject
variance. However, while the benefits of motion capture research for the forensic sciences
are clear, they should be treated with caution. The application of motion capture in forensic
investigations is rarely within the controlled laboratory settings that the field’s boundary re-
search is conducted in. Unlike the deliberately controlled laboratory conditions, real-world
investigations may pose a variety of obstacles including, but not limited to, vantage point,
frame rate, and occlusions that affect the ability to discern features. Therefore, without
appropriate caveats, evidence of discrimination described in laboratory research cannot
be applied directly to standard casework. Fortunately, methods that employ markerless
3D pose-estimation techniques are much more viable. Because they eliminate the need for
laboratory settings, and research has shown promising results in more applied contexts,
they are much more likely to benefit the field of forensic investigations. Even so, markerless
systems continue to show differences relative to marker-based systems, particularly for

https://doi.org/10.3390/info17070657

https://doi.org/10.3390/info17070657


Information 2026, 17, 657 14 of 25

ankle motion and rotational parameters, and further validation remains necessary before
such methods can be relied upon as robust forensic tools [64].

3.5. Automated Gait Recognition Algorithms

Automatic gait recognition algorithms primarily fall under the categories of com-
puter vision and biometric methods and can generally be classified into model-based and
appearance-based methods [65]. Model-based methods characterize the human body using
anatomical structures, joint positions, or skeletal pose sequences to extract gait parameters
such as joint angles, angular velocity, and stride length [66]. Markerless methods can
be viewed as a new approach within model-based methods, with the advantage of not
requiring physical markers on the human body but instead performing human key point
or skeletal pose estimation from video frames. Video-based morphometric measurement,
as mentioned above, is mainly a frame-based geometric measurement approach that de-
pends on the selection of visible anatomical landmarks in the video, whereas markerless
methods generate dynamic gait representations through automated pose estimation. This
is the difference between the two methods [67]. Under controlled benchmark conditions,
appearance-based systems have reported recognition accuracy approaching 90% on stan-
dard datasets [11,65], and their capacity for large-scale screening makes them technically
attractive for surveillance applications, where modern biometric systems increasingly prior-
itize efficiency, reliability, and privacy preservation [68]. In forensic science, automated gait
recognition and observational forensic gait analysis differ in terms of underlying assump-
tions, threshold settings, output formats, and reporting requirements. Forensic gait analysis
requires an evaluation of the differences between the evidence video and the reference
video, the quality of video-observable gait features, uncertainties in the observation and
interpretation process, and the scope of the conclusions that can be supported. In contrast,
most biometric algorithms primarily generate match scores, classification results, or can-
didate rankings, and do not directly address issues such as evidence interpretation, error
rate disclosure, or the boundaries of forensic reporting. The performance of the automated
systems is heavily reliant on the quality of the footage, consistency of the viewpoint, the
cooperation of the subject, and the quality of the footage. It fluctuates significantly in the
non-standardized conditions of surveillance recordings. The lack of accepted standards
for error-rate characterization and evidentiary reporting further restrict their current direct
adoption in case analysis [11].

According to Birch et al., CCTV footage for gait analysis is now one type of support
evidence that is common in modern courts [49]. However, the inconsistencies in video
quality complicate analysis, and the conclusions may be unreliable because of this [69].
In line with other concerns regarding consistency and accuracy, Seckiner et al. suggested
an analytical framework that merges both morphological and gait-related elements into a
single evaluative framework. Their goal was to develop a method that could be utilized
in a courtroom and would enable greater confidence in identification within context [70].
Sandau et al. performed a three-dimensional gait reconstruction of participants. They
studied the gait of 16 participants and divided their analysis into different phases of
walking. They used a random forest algorithm to classify the extracted parameters. The
study went a step further to analyze to what degree the different observers’ annotations of
gait features affected the overall analysis. The authors concluded that their method is a
viable and more precise alternative to the existing methods in forensic gait analysis, which
are primarily video based [71]. These developments signal a hybrid analytical model where
computational technologies support feature extraction and quality assessment, yet forensic
reporting retains structured expert interpretation, procedural safeguards, and disclosure
evidence limitations [50,72].
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Validation metrics vary across different gait analysis methods, making it difficult to con-
duct cross-comparisons using a single accuracy metric. Observational gait analysis typically
focuses on observer agreement, repeatability, and reproducibility; video morphometry places
greater emphasis on technical errors of measurement and the reliability of feature extraction;
plantar pressure analysis and optical motion capture are primarily used under laboratory
conditions to assess the gait stability, inter-individual variability, and kinematic reliability;
automatic gait recognition algorithms often use recognition rates, match scores, or candidate
ranking performance on benchmark datasets as performance metrics. From a practical per-
spective, the methods reviewed can be further categorized based on their forensic applications.
Observational forensic gait analysis, video-based morphometrics, and automated gait recogni-
tion are closer to practical forensic tools, as they can be used for surveillance footage analysis,
suspect comparison, screening, or candidate ranking. Plantar pressure analysis and optical
motion capture primarily fall under laboratory validation methods, providing kinetic and
kinematic evidence regarding gait stability, variability, and measurement reliability under
controlled conditions; however, their conclusions must be interpreted with caution before
being applied to surveillance footage. This distinction is important because laboratory validity
does not automatically equate to direct forensic applicability.

The main methods used in forensic gait analysis, together with their principles, appli-
cable settings, advantages, and limitations, are summarized in Table 2.

Table 2. Forensic gait analysis research methods and techniques.

Method
Brief
Explanation of
the Principle

Applicable
Scene Advantage Limitation

Visual Gait
Analysis

Compares the
differences in
gait based on
visual analysis
of a video by
experts

Cases with
clear and
distinct
features in the
images

Easy to operate
and highly
practical

Susceptible to
cognitive bias;
repeatability
dependent on
adherence to
structured
protocols such
as the SFGT

Video-Based
Morphometric
Measurement
Method

Performs two-
dimensional
geometric
measurements
on the key
points of the
human body in
the video

Stable
perspective
and complete
footage of the
surveillance
video

The data can
be quantified
and are
applicable for
feature
analysis

Affected by
angles and
frame rates

Plantar
Pressure
Analysis
Method

Measures the
distribution
and changes of
foot pressure
and identifies
the gait
patterns

The suspect
cooperated in
the test within
the
experimental
environment

High feature
stability and
suitable for
group analysis

Only
applicable in
an
experimental
environment,
cannot
reproduce the
actual scene
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Table 2. Cont.

Method
Brief
Explanation of
the Principle

Applicable
Scene Advantage Limitation

Optical Motion
Capture
System

Collects three-
dimensional
motion
trajectories and
angles using
marker points

Laboratory
validation,
kinematic
reference data
collection, and
methodologi-
cal
benchmarking

High data
accuracy and
comprehen-
sive
parameters

High costs and
strict
environmental
control
requirements

Automated
Gait
Recognition
Algorithms

Based on
computer
vision and
biometric
models,
generates
match scores,
classifications,
or candidate
rankings from
gait silhouettes,
pose
sequences, or
movement
features

Large-scale
screening,
candidate
ranking, and
technical
assistance; not
currently a
substitute for
expert-led
forensic gait
feature
comparison
and evidential
interpretation.

High degree of
automation
and strong
recognition
efficiency

Poor
interpretability
and high
requirements
for the quality
of training
samples

Overall, the methods described above should not be regarded as interchangeable
technologies ranked by accuracy. Observational forensic gait analysis remains the method
most closely aligned with casework practice, particularly in situations where surveillance
footage quality is limited; however, its evidential value depends on the recording of struc-
tured features, control of bias, and expert review. Video-based morphometric measurement
method analysis can enhance objectivity when camera angles, resolution, and gait cycle vis-
ibility are favorable, but should be used with caution under poor measurement conditions.
Plantar pressure analysis and optical motion capture can provide important laboratory
evidence regarding gait stability, variability, and gait kinematics reliability, but their con-
clusions cannot be directly applied to cases involving surveillance footage. Automated
gait recognition can be used for screening, suspect prioritization, and technical support,
but its outputs should not replace forensic scientific evidence interpretation. Therefore,
forensic gait analysis does not involve replacing expert judgment with a single technology,
but rather combines expert analysis, validated measurement methods, laboratory reference
data, and probabilistic expression frameworks based on the quality of the evidence and the
intended purpose.

4. Gait Practice and Applications
Gait analysis technology, as a dynamic biometric identification method, has begun

to be utilized in various nations’ judicial systems. Substantial disparities are apparent
across jurisdictions with respect to the routes for use, standards for admissibility, and the
institutional structures that deal with the provision of gait evidence. The migration from
qualitative assessments to quantitative assessments is indicative of a continuing work in
progress to align the use of gait analysis with the scientific standards of evidence required
by courts.
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The United Kingdom was one of the first countries to adopt the use of gait evidence
in judicial matters, with its first known use in the mid-19th century [12,73]. In its initial
use, the British courts’ gait analysis relied on subjective expert judgments. Early gait analy-
sis in British courts was primarily a supplementary identification method. The research
community and legal practitioners alike condemned the reliance on evidence framework
as an observer-driven model due to the lack of standardized terminologies, measurement
frameworks, and error rate assessments. To address concerns about the scientific justifica-
tion of this type of evidence, particular academic institutions and judiciary authorities in
the UK initiated the development of standardized frameworks and procedures related to
gait analysis. The Sheffield Features of Gait Tool was designed to address the analysis of
forensic gait features in a structured and systematic way to improve the consistency and
reliability of the analysis [27,47].

Danish practices managing gait evidence in forensic science offer an example of
institutionalized practices that differ from the practices in the UK. Examples of this include
having structured practices for the collection, handling, and evaluation of video evidence.
This ensures uniformity from evidence collection to the writing of evaluation reports. It
also describes having a dual-track assessment system for gait evidence in terms of its legal
and scientific standing. Additionally, experts must prepare, alongside their reports, visual
evidence, which may include 3D evidence and annotated evidence, as well as evidence
constructs to show how the conclusions are drawn [37]. University of Copenhagen research
shows that this model has been used in cases where suspects have hidden their facial
features. In these cases, gait and anthropometric analysis are used for identification as
a crucial supplement. Compared to the expert model used in the United Kingdom, the
regulation model used in Denmark facilitates the order of the processes but may limit the
pace of innovation in technology and the flexibility of the experts [30].

The Netherlands Forensic Institute is at the forefront of probabilistic systems for
forensic gait evidence. Their approach involves gait feature analysts reviewing a gait
video and assessing its comparison to a database. They then compute a likelihood ratio
to provide the basis of their forensic gait evaluation. While forensic gait evidence is
still underdeveloped, Dutch researchers have suggested three criteria that, if satisfied,
are valuable to the field. These criteria include measurability, consistency within the
individual, and contrast across individuals [37]. The Netherlands Forensic Institute has
continued to support the development of internationally standardized analytical methods,
construction of internationally shared databases of gait features, and the use of probabilistic
models to improve the strength of statistical support and inference for diverse demographic
datasets [74]. The Netherlands is spearheading evidence-based, quantifiable forensic gait
assessment methods worldwide.

An illustrative example of Canada’s approach to judicial acceptance of forensic gait
evidence is the case of R. v. Aitken, which has become a landmark case within common law
jurisdictions. In this case, the Canadian courts accepted the gait assessment of a podiatrist,
which was classified as “expert evidence acquired by means of experience and specialized
training” rather than a clinical opinion. Cunliffe and Edmond critique that the court’s
rationale failed to recognize the bounds of the established standards for reasoning and
assessment of reliability and permitted clinical observations that were offered without
sufficient forensic justification [5]. The case shows a gap between what is formally required
of experts and how expert evidence is typically assessed and admitted in Canadian courts.

In China, gait analysis and gait comparison approaches have also been explored in
criminal investigation and forensic science research. Gait analysis in surveillance video can
provide supplementary information under specific case conditions; however, its evidential
value remains dependent on footage quality, feature observability, method validation,
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and limitations [75]. While the technique is a valuable addition to the forensic toolkit, its
courtroom reliability hinges on its proper use and continued development of both the
scientific and legal infrastructure.

Across these jurisdictions, gait evidence has typically been used to endorse identifica-
tion evidence rather than as a standalone basis for a conviction [37]. The process usually
begins with extracting gait features from available video footage, followed by capturing
reference samples, and making comparisons using one or more of the following com-
plementary methods: observation, measurement, morphometrics, or an algorithm-based
approach. The final step of the process is the submission of an expert opinion to the court. If
the footage is of sufficient quality, the angle is appropriate, and the gait cycles are complete,
then the evidence has been assessed to provide moderate to stronger levels of evidential
support. Unfortunately, the aforementioned conditions for evidence collection are not
typically present.

There are four main institutional approaches to gait evidence. The UK operates largely
with an expert-based system. Evidence is assessed by an expert with the court’s discre-
tion, which has mostly relied on the expert’s personal experience. In recent times, more
standardized procedures have been introduced, with reforms including more validated
procedural tools, frameworks, and standards, especially in the area of technical compe-
tence. Denmark focuses more on standardized procedures and technical reproducibility
in evidence collection. The Netherlands strives to integrate a probabilistic approach and
evaluation framework in forensic assessments, with evidence leaning toward a quantifi-
able approach. China has been especially cautious with evidence based on laboratory
standards of gait research, where the legal framework is especially underdeveloped. In
all of the above approaches, there are fundamental gaps in things such as the standard
of surveillance video, the development of population databases of recorded gait, and the
assessment and publishing of the standard rates of error. These factors are the basis for the
cited fundamental challenges in evidence collection. International collaboration will be a
stepping stone in overcoming these gaps [11,37].

5. Challenges and Limitations
5.1. Methodological Opacity and Incomplete Review Mechanisms

In forensic gait analysis, expert visual comparisons are often performed within an
ACE-V framework—Analysis, Comparison, Evaluation, and Verification. This framework
is derived from other disciplines that involve pattern comparisons, rather than being specif-
ically developed for gait analysis [8]. The core analytical stages of the framework have yet
to be formally operationalized in the context of gait analysis. The Sheffield Features of Gait
Tool offers a level of structure in documentation and has been assessed for repeatability
and reproducibility. The evaluations suggest that analysts with experience will be able to
achieve similar results using the tool [27,47]. The SFGT focuses on how observations are
recorded instead of describing error rates between case types and practitioners. The frame-
works also remain underdeveloped. Black-box and white-box testing protocols, which have
been used in fingerprint and facial comparison studies, have not yet been systematically
applied in forensic gait analysis. This hinders benchmarking practitioner performance
and population-level error estimation. The absence of these testing protocols restricts
how transparent expert conclusions in court are, and how independent and quantitatively
verifiable the reliability of the findings is [3,11].

5.2. Imaging Constraints and Feature Extraction Uncertainty

Forensic gait analysis primarily relies on surveillance video. However, the conditions
under which surveillance video is recorded often fall short of what is established in validation
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research. Resolution, frame rate, camera angle, lens characteristics, compression, occlusion,
the variability of lighting, and the gait direction in relation to the camera affect the visibility
of gait features and the interpretability of the footage [11]. Movement outside the sagittal
plane may impact perceived joint motion and stride metrics. Low frame rates may limit the
visibility of events that occur during a cycle. Partial occlusion may hinder observation of
relevant comparison features. These limitations are not merely technical issues. They directly
affect which gait features can be observed, the extent to which these features can be described,
and the degree of evidentiary weight that can be attributed to the analysis. Although the
Code of Practice requires gait analysts to disclose limitations related to video quality [8,49], the
relationship between specific image parameters and the reliability of forensic gait analysis has
not yet been fully and systematically elucidated. Therefore, there remains a need to further
establish a systematic framework and standards for video quality assessment to elucidate
how reduced image quality affects the interpretation of evidence.

5.3. Expert Subjectivity and Cognitive Bias Risks

The vast majority of forensic gait analysts have postgraduate education in podiatry
or movement rehabilitation. Even though they have implemented clinical knowledge
and behavioral assessment in their profession, most of their evaluations take place in
unstructured, uncontrolled, and unstandardized environments. When gait experts analyze
a motion-related problem, they usually deal with a lot of contextual information of the
surveillance video, such as clothing, vehicles, companions, and environment. These stimuli
influence analysis and cause cognitive bias, without being noticed [76]. An expert may form
a quick impression based on things such as what they think the subject’s posture says about
them and what color their clothing is, which may lead to a premature directional judgment
possibly even before gait features are established. Some of these cognitive challenges may
be reduced with the use of stronger blind protocols and double-blind comparison methods.
The UK’s Code of Practice is a good guide and should be adopted [8]. Reducing these
challenges requires more than general procedural safeguards. Experts should form and
document their initial impressions from the evidence before being exposed to contextual
information, which is then introduced in a controlled, optimized sequence through linear
sequential unmasking to reduce both bias [77].

5.4. Limited Empirical Basis for Class-Feature Evaluation and Discriminative Validation

Forensic gait analysts do not claim to accomplish open-population identification.
Their work is explicitly positioned at the level of class-feature comparison, with analysts
determining compatibility or exclusion, rather than asserting class-feature comparison
uniqueness [13,50]. The question is not whether gait can be a way of differentiating individ-
uals like a biometric, but the empiricism of the discriminative evaluation of gait features
used in class-level forensic analysis. The available evidence is lacking on this question.
There are minimal data on the frequency of populations that have certain gait features. In
addition, insufficient research has characterized the stability gait features in many forensic
contexts under changing conditions like footwear, walking speed, load, fatigue, surface, or
even the conditions of the gait features being altered in a deliberate manner [36]. While
their stability at the individual level and variability across individuals is measured under
controlled conditions, these studies offer a noteworthy base, though their adaptability to
real casework is restricted by the variables in the acquisition environment, quality of the
footage, and the ecological diversity issues that have been raised elsewhere in this review.
Furthermore, there is insufficient evidence to evaluate the performance of trained forensic
gait analysts against casually trained gait analysts under casework conditions, which re-
stricts the possible outcomes of the presence of forensic specialists. While these gaps do
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not undermine gait evidence, they do highlight the difficulties presented by class-feature
evidence, the need for careful limitation of evidence, and the need for representative data
that are continually improved.

5.5. Absence of Foundational Databases and Quantitative Modeling

When compared with static biomarkers like DNA, forensic gait analysis is limited by
the lack of population data and quantitative modeling. Currently, there is no population
delineated by demographics that can provide variance in spatial, temporal, and kinematic gait
data. This issue becomes even more pronounced with surveillance data that have low resolu-
tion, are obstructed by out-of-plane camera angles, or have uneven coverage of the full gait
cycle. As a result, using feature analysis to establish background frequencies and error limits
become an impossible task. Although international forensic guidelines like the ENFSI provide
path analysis, the ENFSI guidelines, especially in Section 3 on sending lateral gait data for
tracking purposes, are still in their infancy [78]. Even with a shift toward Bayesian evaluative
reporting, and despite a push for the practical judicial application of the score-based likelihood
ratio (SLR) models, progress has come to a standstill. There are strict SLR computational
requirements that need to be observed: the modeling of intra-individual similarity and of
inter-individual typicality must be carried out simultaneously [79]. However, in the absence
of representative background data, rigorous algorithmic calibration and empirical error-rate
validation cannot be carried out to the extent required to allow such probabilistic models to
be used in courts [74]. Recent documented studies on related visual forensic domains and
automated facial comparison suggest that some particular calibration strategies—quality-score
and feature-based calibrations—should be implemented to enhance the reliability of SLR
estimations. These studies provide a useful, cross-disciplinary, methodological reference that
could assist in the development and expansion of existing gait analysis systems [80]. Because
of the need to work outside a mathematically defined SLR framework, the current casework
reporting often resorts to subjective ordinal categorizations [8,11]. If forensic gait analysis
relies on subjective and unquantified expert experience, it will undermine the transparency, re-
peatability, and reviewability of the interpretation process. The weight of the evidence should
not depend solely on the expert’s experience, but rather on whether the relevant assumptions,
methodological limitations, and uncertainties can be clearly explained within the framework
of forensic science. Only when these limitations are fully disclosed and explained can gait
evidence be used in a more prudent and evaluable manner during legal review.

5.6. Fragmented Interdisciplinary Systems and Lack of Training Standards

The practice of gait analysis is an integration of specific knowledge systems within
forensic analysis, clinical gait analysis, biomechanics, and computer vision. However, the
field currently lacks standardization for unified professional assessment and credentialing
mechanisms [11]. The practitioners in this field are a highly diverse group, encompassing
podiatrists, movement analysts, and forensic technicians, all of whom are disciplinary
specialists and who apply comparative methods that are not of a uniform standard. The
absence of cross-disciplinary standards (analogous to ‘unified language standards’ in the
field of linguistics) results in inconsistent terminology, arbitrary comparative standards,
sporadic reporting methods, and a myriad of other related problems. The literature has
recognized the need for the establishment of a court-admissible gait analyst professional
accreditation system and to facilitate/integrate cross-disciplinary research and commu-
nication. The standardization of the ‘interdisciplinary lexicon’ of forensic gait analysis
is a critical factor in enhancing the potential use and credibility of forensic gait analysis
in criminal court, and it is a necessary first step in the direction of the empirically based,
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institutionally integrated forensic gait analysis practices that the title of this review depicts
as the ultimate goal.

6. Conclusions
Gait analysis in forensics has left the era of being completely based on examiner expe-

rience and advanced toward being more structured and accountable. However, there are
some scientific and institutional predicaments that need to be resolved before it can be utilized
in a manner that is consistent and transparent in comparison to other forms of evidence in
forensics. The need for more standardized forms and procedures for analysis is monumental.
Visual analysis remains the preferred method; however, this method tends to rely on the
examiner’s subjective view and lacks thorough procedures and validation methods. The
primary focus in the future should be to unify terminology, procedures, and report formats,
with dual reviews and independent validations to enhance auditability and reproducibility.

We must also develop methods to control cognitive bias. Analysts are often unin-
tentionally influenced by non-gait characteristics, whether by clothing or behavioral cues.
To control unconscious bias, double-blind adjudication should be adopted, along with
distinguishing between observational facts and reasoning and drawing conclusions to
control subjective bias. The presentation of evidence should also be directed towards mod-
eling the probability of the events. The SLR framework introduces a consistent inference
framework, which allows presenting gait comparison results as evidence in opposition to
other phenomena. This framework also provides better transparency and simplifies the
issue for the interpreters of legal decisions.

Gait databases and variable control standards require both expansion and enhance-
ment. Current datasets remain small and poorly distributed, thus restricting the general-
izability of analytic models. The creation of a framework for multi-center data collection
would facilitate improved representation of the population and, in turn, improve the ro-
bustness of models. The development of a framework for the consolidation of training and
certification of analysts is also necessary. Current practitioners’ backgrounds are diverse,
resulting in a lack of alignment in terminology and method, which adversely affects the
technical output and its acceptance within the judiciary system. To facilitate the develop-
ment of a professional cadre of analysts who conform to the standards of the discipline of
forensic science, it is suggested that a controlled vocabulary, a structured assessment of
competencies, and a system of institutional accreditation be developed. The movement
from experience-based practice to an empirical science-based framework is ongoing, rather
than complete. The movement will depend upon the field’s ability to implement represen-
tative databases, standardized and harmonized systematic controls of bias, and workflows
to support probabilistic evaluations. The systematic implementation of this framework
would establish forensic gait analysis as a transparent, robust, and scientifically grounded
area of forensic identification practice.
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