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Abstract

Handwriting examination is an important component of forensic document analysis. This study investigates the
biomechanical and tribological factors affecting handwriting variation, focusing on neuromotor control, surface friction,
and writing instrument characteristics. A controlled observational study involving 100 participants was conducted using
different writing tools under standardized conditions. Samples were examined visually through forensic comparative analysis
with emphasis on slant, stroke morphology, line quality, spatial geometry, and pressure patterns. The findings indicate that
external physical factors mainly affect superficial handwriting characteristics, while core neuromotor writing patterns
remain comparatively stable. The study supports the forensic principle that natural handwriting variation should not be
confused with evidence of forgery or different authorship. The integration of biomechanics and tribology into questioned
document examination enhances the scientific reliability of forensic handwriting analysis.
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Introduction

In Forensic science, the handwritten documents are vital piece
of evidence for resolving document related legal disputes (land
disputes or bank check fraud). The foundational theory
validating that the handwriting analysis is manual deeply
ingrained. From writing the first letter the human brain develops
highly specific neuromuscular pathways. These pathways
produce specific habitual writing patterns that remain stable
throughout a person's life. The main problem in questioned
document examination is to find the difference between the
expected natural variation's in a single person's handwriting and
the natural writing variations. Although modern automated
instruments, tools and pressure sensitive tablets have deepened
our theoretical concept of handwriting kinematics but these
technologies are rarely available in everyday forensic casework.
The examiner only has access to static dry ink traces on paper.

To overcome this practical limitation handwriting must be
understood as the physical byproduct of biomechanical forces.
Writing a sentence requires constant negotiation with
tribological variables. Mainly the friction occurring where the
pen meets the paper. This resistance impacts the stroke
continuity, speed of writing and the ink flow. Alongside brain
and CNS (Central Nervous System), easily manage these
physical barriers so as to execute the sequences of habitual
stroket.

Literature review: The scientific credibility of the foreged

handwriting analysis is predicated on the concept that no two
individuals can have identical motor programs for writing.
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This concept is seen through graphical representation. Early in
the field of research showed that writing the same thing
repeatedly makes deep neuromuscular habits? in brain which
makes a person's handwriting easy to recognise and identify®.
Modern day research on authorship and attribution has
consistently  validated these historical  principles  of
handwriting®. This individuality of handwriting exists alongside
natural variation® in handwriting. Absolute graphical uniformity
cannot occur in natural handwriting because biological motor
execution inherently produces variation between writing
instances. It's normal to have changes such as stroke
dimensions, baseline alignment and the letter proportions
between writing sessions®. It is very important to set limits on
this natural variation®.

It is very difficult to make a difference between the natural
changes and the intentional changes in the case of forgery or
illegal scam and still, it is one of the main reasons why forensic
expert results are useless in such cases of disguised forgery. In
the recent years there has been a big increase in quantitative
research that show the uses of biometric tablets. This lets
scientists record changing variables like axial pressure and
kinematic acceleration. The kinematic modelling of these
variations shows how brain makes quick movements to make it
easier to create smooth ink traces®. These dynamic metrics are
only useful in theory, but not visible to people who are looking
at static of data and historical documents. At the same time the
tribological interactions® between the substrate and the writing
instrument produce physical forces that actively shape the
visible ink line>®.
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Changes in the viscosity of the ink of pen or the texture of the
paper can change the physical resistance that the neuromuscular
system of the writer must overcome’. Despite these scientific
principles, there is a distinct lack of literature integrating these
biomechanical concepts into macroscopic or non-instrumental
forensic casework. This study was made to fill that specific
knowledge gap.

Methodology

Experimental Design: To carefully isolate the biological habits
from physical interferences, the study uses a controlled, within-
subject observational model. By relying on repeated measures,
this study reduces the complexities of individual differences.
Any changes observed in the writing samples can be directly
linked to natural motor fluctuations or altered physical
constraints, such as different writing instruments.

Cohort Demographics: The research sample includes 100
participants: 90 right-handed and 10 left-handed, comprising 65
females and 35 males. This offers a strong group for identifying
broad motor control patterns. To examine biomechanical
differences related to handedness, a specific group of 10 left-
handed writers was included. All participants were medically fit
and had no neurological disorders. To maintain ecological
validity, all participants were instructed to write naturally
without altering their handwriting.

Res. J. Forensic Sci.

Standards for Sample: The writing environment was
controlled to avoid any miscommunication. Each writing sample
was produced on plain paper with uniform friction and porosity.
The only variable between sessions was the writing instrument,
such as a ballpoint pen versus a gel pen. The dependent
variables assessed were the visual attributes of the resulting ink
traces.

Data Analysis: Samples were collected with a 45-minute gap
between them. This break was designed to reduce short-term
memory effects. The collected samples underwent visual
examinations and comparisons based on established QDE
taxonomies. The features analysed included the structural
framework, geometry, morphology of the line, and pressure.
These visual elements were evaluated as physical evidence of
resistance due to friction, writing speed, and direction of force.

Results and Discussion

Analysis of Feature-Specific Variability: Macroscopic
evaluations successfully separated handwriting characteristics
into two distinct groups: those heavily influenced by physical
constraints and those protected by deep-seated motor
programming. Basic shapes showed high stability, confirming
the lasting nature of handwriting individuality.
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Figure-1: Handwriting Sample No. 1.
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Frictional Impact on Line Quality: The findings showed that
inferred pen pressure and overall line quality are very sensitive
to changes at the pen-paper interface. Writing tools that require
more normal force to overcome static friction, like standard
ballpoint pens, created marks with significant indentations but
reduced visual fluidity. On the other hand, liquid-gel pens
decreased the friction coefficient, producing smoother visual
lines but sometimes causing a loss of precise motor control.
This indicates that differences in line quality in forensic samples
may often arise from the tool's physics rather than indicate a
different author.
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Tenacity of the Neuromotor Program: The handwriting's core
structure stayed perfect, even though the noise from different
frictional forces was only on the surface. The central nervous
system's advanced temporal and spatial planning mechanisms,
which control things like stroke direction, relative proportions,
and baseline adherence, showed amazing resilience. The human
neuromuscular system seems to automatically change how
much force is used to hit ingrained spatial targets. This supports
the heavy use of these features in forensic settings for diagnosis.
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Figure-2: Handwriting Sample No. 2.

Table-1: Influence of Physical and Motor Variables on Handwriting Features.

\Visual Characteristic Degree of Variation|Primary Macroscopic Manifestation  |[Dominant Biomechanical Driver

Line Morphology High Ink skipping, varying striations Fluid dynamics of ink

Force High Shading inconsistencies Axial pressure against resistance
Allographic Structure Moderate Complex loops IAdjustments in kinetic trajectory
/Angular Slant Low Highly uniform axial alignment /Automated central neuromotor control
Spatial Geometry Low Spacing between letters Rhythmic temporal pacing

Table-2: Influence of Writing Tool Class on Motor Execution.

\Writing Tool Type Frictional Properties

Graphical Output Forensic Interpretative Value

Ballpoint (High-Viscosity) High friction Rigid curvatures Susceptible to ink skipping
Gel/Roller (Low-Viscosity) Low friction Continuous seamless lines Emphasizes kinetic fluency
Porous Point (Felt Tip) \Variable. Uniform stroke width Spatial feature evaluation
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Biomechanics of Lateral Dominance: The left-handed group
(n = 10) provided unique insights into the applied physics of
handwriting. Because Western alphabets are made for right-
handed people to "pull" from left to right, left-handed people
have to "push" the pen. This change in angle changes the way
force vectors are spread out, which makes ink smearing more
random and puts more pressure on upward strokes. Even with
these physical problems, their macro-level spatial geometries
stayed highly consistent and unique.

Implications for Casework: These real-world observations call
for a hierarchical method for forensic document examiners.
When figuring out who wrote something, analysts must give the
most weight to characteristics that are stable in and of
themselves, like structural geometry, proportion, and slanton the
other hand, changes in stroke density or line smoothness should
be looked at carefully in context, since this study shows that
they are often caused by outside physical limits instead of
different writers.

Conclusion

This study effectively connects the gap between theoretical
biomechanics and the actual practices of forensic document
examination. By systematically examining handwriting under
diverse frictional conditions, the data substantiates that although
the physical attributes of a writing instrument may modify
superficial ink trace characteristics, they cannot supplant the
deeply entrenched neuromuscular programming that delineates
an individual's distinctive writing style. The results support a
contemporary framework in which handwriting is assessed as a
kinetic artefact influenced by both biological and physical
factors. Features governed primarily by central neuromotor
coordination remained comparatively stable despite variations in
external writing conditions. On the other hand, isolated changes
in line quality were directly related to tribological interference.
Ultimately, forensic examiners can get more accurate diagnoses
by using the ideas of motor control, force dynamics, and applied
friction. This scientifically sound framework makes it less likely
that people will mistake natural variation's caused by physics
for signs of forgery or different authorship. This makes
qualitative handwriting analysis more reliable in court®.
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