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Forensic footwear examinations often consider various types of geo-
forensic materials that adhere to and or are retained by the soles of
shoes. These particulates could potentially provide valuable insights
regarding the movements of victims or suspects. Therefore,
understanding the spatial dynamics of materials and the factors
affecting the transfer, persistence, and recovery is essential for
enhancing the reliability of geo-forensic investigations. This study
aims to explore the factors affecting the spatial dynamics of residues
on the shoe soles, and to determine the relative importance of different
regions of the sole at retaining geo-forensic materials. Three volunteer
test subjects of varying Body Mass Index (BMI) ratings were recruited
for this study. Each of them walked through a sandy substrate using
three types of worn footwear with soles made of rubber, Crosslite, and
ethylene-vinyl acetate (EVA) foam. Then, the distribution of the sand
particles beneath the soles was subsequently documented using digital
photography. The captured images underwent preprocessing
procedures including grayscale conversion, resizing, and
normalisation. Each treated image was then segmented into 10 equal-
sized non-overlapping regions, for detailed analysis using the Harris
Corner detector. The total of the Harris corner response values within
each region was used as a quantitative representation of residue
retention, where higher corner strength values indicated greater
accumulation of sand particles total. The findings revealed. that EVA
foam had the highest retainability, followed by Crosslite and rubber.
Meanwhile, the influence of the BMI statuses on the retainability was
pronounced only on the rubber-soled shoes. Furthermore, the areas of
the sole covering the metatarsal was found to be the most likely retain
sandy particles. Overall, the effect of BMI statuses on the retainability
of sandy particles was dependent on the material composition of the
shoe sole, while the metatarsal region plays a dominant role in residue
persistence. The results of this study add to the expanding pool of
knowledge in forensic footwear analysis and lay the groundwork for
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the creation of increasingly complex analytical frameworks in
accordance with the dynamic nature of residue transfer and retention
in real-world investigations.

2020 Mathematics Subject Classification: OUMT Press

Introduction

Forensic footwear examinations are essential for establishing the link between the suspects and
specific locations. Various kinds of geo-forensic materials could adhere to and be retained by
the soles of a suspects shoes. Therefore, trace evidence obtained from soles of a suspects
footwear can potentially outline the movements of a person of interest (POI) [1], including sites
visited before, during, and after the alleged offence took place [2]. Hence, an examination of
the residue from the soles of a suspects footwear may contribute to the forensic reconstruction
of a crime scene, particularly soil and sediment found on footwear, which is a valuable forensic
tool studied for establishing a suspect’s or victim’s whereabouts, mobility, travel history and
may help investigators associate an individual suspect or victim with a specific locations [3].

By meticulously analysing how trace materials migrate or are transferred between
surfaces and understanding the rate at which they diminish, forensic scientists can gain an
insight into the sequence or chronological order of events and build a narrative of those past
events [4]. In other words, understanding how long those environmental markers adhere to
footwear directly influences the success or failure of a forensic analyses, as detectives must
work within the timeframe before these crucial traces are naturally lost or degraded through
normal wear and tear or environmental exposure [5]. Hence, understanding the transfer,
persistence, and recovery qualities of geo-forensic materials under various conditions is
essential to preserving its evidentiary value [2]. However, only a handful of studies have been
devoted to the evaluation of the persistence of residues on footwear for forensic or evidentiary
purposes.

The spatial distribution and temporal persistence of geo-forensic materials on footwear
have been evaluated by Morgan ef al. [6]. The mixing of sediment and the pressure points on
the soles was studied through forensic events that mimicked the conditions at a real crime
scene. The research paper found that preservation of soil and sediment varied significantly in
different areas of the shoe. Later, the researchers focused on the intricate patterns of silt transfer
over time on bottom of the shoes [2]. The findings showed that the largest percentage of
particles from earlier places visited were preserved in the arch area of the shoe sole, which
experiences the least amount of foot pressure. Although considerable research has been
conducted on the initial transfer of sediment to footwear, little is known about how different
shoe sole materials affect the persistence of geo-forensic materials on footwear.

Image processing tools have been actively applied to the forensic examination of
footwear, particularly for footwear image retrieval purposes [7]. Various automatic shoeprint
retrieval methods have been proposed over the years by applying a variety of computer vision
algorithms, particularly image processing tools. Typically, feature extraction is used to obtain
and catalogue key details of footwear impressions via high-definition images [8]. The steps
involved in extracting discriminative features from digital images include detecting or
identifying local interest points using an edge detector, which were then encoded using suitable
feature descriptors [7].
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Of the popular feature detectors, the Harris corner detector [9] is efficient at detecting
local features, especially corners, on the soles of shoes [10]. The Harris corner detector relies
on the image’s autocorrelation function to detect points with strong intensity variations in a
local neighbourhood. In other words, regions with a large positive corner response score
correspond to corners, whereas regions with low values represent flat areas [11].

Theoretically, the shoe sole composition, tread pattern and degree of wear affect the
sediment retention. Hence, this study aims to evaluate three types of shoe sole materials to
examine the spatial dynamics of residues on the shoe sole and reveal the relative importance
of different areas of the shoe sole. The image data were carefully analysed via image processing
tools to elucidate the impact of shoe sole materials and BMI status. The study’s insights can
strengthen the evidentiary value of footwear impression evidence in criminal investigations
and enhance its probative value in court.

Materials and Methods
Samples Preparation

Three subjects with varying BMI status, as outlined in Table 1, voluntarily participated in this
study. All subjects provided written informed consent before participation. Each subject
repeatedly stepped on the sandy substrate while wearing three different types of shoes (Table
2). Worn shoes, rather than new ones, were deployed as the former better represent what is
likely to be encountered at a real crime scene.

To mimic a real crime scene, a rectangular paper tray (approximately, 70 cm x 210 cm)
filled with sand was prepared. Each subject was instructed to relax before walking on the tray.
After walking at least three steps, the subject carefully removed the shoe and recorded using a
digital camera (Canon EOS 3000D with 18-55mm III Lens and DSLR). All images were
captured using ISO 400 and f/15. A scale was placed next to the footwear outsoles before
photography. Then, the shoe sole was carefully cleaned with a soft brush before the next sample
was taken. Each subject was required to prepare three replicate samples for each of the three
shoe types.

In total, a total of 54 impressions were prepared for this study (i.e., three volunteers x
three shoes types X three stepping trials, x both left and right feet. For validation purposes,
replicate data sampling was performed approximately two months apart, involving only
Subjects 1 and 2. The same subjects were asked to repeat the process, but only the right foot
was included. Hence, two data sets were prepared: Set A, comprising 54 images, and Set B,
comprising 18 images. Figure 1 illustrates the composition of the two data sets.

Table 1: Biological backgrounds of three subjects participated in this work

ID BMI Statuses Foot Length (mm)
Wi Underweight 236
W2 Normal 225
W3 Overweight 243
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Table 2: Details of the worn shoes studied in this work

ID Shoe Type (Sole Materials)
S1 Men low-cut boot (rubber)
S2 Female slip-on sneaker (proprietary resin)
S3 Female clog (EVA foam-ethylene vinyl acetate)
* W1 « W1
Set A | BMI Status -w2 Set B | BMI Status - w2
* W3 + W3
*S1
Worn Shoe -s2 Worn Shoe gé
*S3 °
* Right .
Foot i Foot * Right

Figure 1: Compositions of dataset A and B, respectively consisting of three factors: (a) BMI
status, (b) type of shoe sole materials, and (c¢) foot

Data Processing

The resulting images were all processed using R software (version 2.10.1). First, the raw digital
images were carefully cropped to minimise blank regions. All images corresponding to the
same shoe type were cropped into the same dimension: (a) S1 (2,700 x 1,200), (b) S2 (2,700 x
1,250), and (c) S3 (2,500 x 1,250). Subsequently, the cropped images were converted to
grayscale. To ensure optimal results, the images were further pre-processed using min-max
normalisation in the EBImage R package [12]. This step enhanced the clarity of the features on
the shoe sole. Finally, the images were divided into equal-sized regions and processed using
the Harris corner detector via the CornerDetectionHarris R package [13]. Figure 2 shows
examples of images for S1, S2, and S3, divided into ten distinct sub-regions.
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(c) =

Figure 2: Shoe sole divided into ten exclusive sub-regions shown by shoe types: (a) S1, (b) S2,
and (c) S3

Data Interpretation

To facilitate a visual examination of the distribution of sand particles on the shoe sole, the
Harris corner algorithm was applied to estimate 10 quantitative values per image. As noted
above, Harris corner is typically applied as a feature detector in a forensic footwear image
retrieval system. Initially, central differences were used to estimate the image gradient by
computing derivatives in the x and y directions for each pixel of an image. Then, the products
of the gradients are estimated to compute the autocorrelation matrix. Finally, the Harris
measure proposed by Harris and Stephens is applied to calculate the corner strength at each
pixel in the image using Equation (1):
Ry = M2, — k- (A,+4,)? = det(M) — k - trace(M)? (1)

where k is a value ranging between 0.04 and 0.06, A; and A, are the eigenvalues of the
autocorrelation matrix [11].

A positive R value denotes a corner, and a small R value represents a flat region. Herein,
the strength value derived from the Harris corner detector was used as a quantitative measure
of the amount of sand particles deposited on the shoe sole. For brevity, the strength value was
summed across all pixels of a region. Consequently, each image of the shoe sole was
represented by ten values. Dataset A was deployed to elucidate the impacts of shoe sole
materials, BMI status, and foot (left or right) on retention capability and variability across the
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ten sub-regions of a shoe sole. Meanwhile, dataset B was applied to illustrate the robustness of
the study.

Results and Discussions

The effects of shoe sole materials and BMI status on the retention capability of the shoe sole
were first evaluated for the left and right feet. Then, the retention capability of ten sub-regions
on the shoe sole was discussed. All based on the dataset A. Finally, the robustness of the study,
based on data collected over two months (dataset B) was presented.

Impact of Shoe Sole Materials, BMI Status and Foot (Left or Right) on Retention Capability

For brevity, total strength across the ten sub-regions was computed for the three wearers and
shoe types to elucidate the impact of shoe sole materials on sand particle retention. Figure 3
illustrates bar charts showing the total strength values of Harris corner across three shoe types
and wearers with different BMI status for the right and left feet. The results were based only
on the data set A.

At first glance, the trends observed for the right foot were highly similar to those of the
left foot. The lowest and highest strength values are consistently observed with S1 and S3,
respectively, regardless of the wearer’s BMI. Specifically, the highest total value was achieved
by W2 while wearing S3. Meanwhile, W3 obtained the lowest total values by wearing S1.
Which means, S3 demonstrated the highest capacity to retain sand particles; meanwhile, S1
retained comparatively fewer particles.

Regarding the BMI statuses, W2 and W3 had the lowest total values across the three
shoe types for the left and right feet, respectively. On the contrary, the highest total values
across the three shoe types were observed in the left foot of W1 and the right foot of W2. This
means, W2 showed the greatest differences between the left and right feet based on the total
values, i.e., the right foot exhibited a substantially higher soil retention capability than the left
foot. Meanwhile, W1 and W3 demonstrated mild variation between the left and right foot based
on the total values.
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Figure 3: Bar charts showing sum of strength over the ten regions of a shoe sole by three wearers
respectively represented by underweight (W 1), normal (W2) and overweight (W3) BMI status;
(top) left, and (bottom) right foot

Retention Capability of Shoe Sole Regions

Next, the differences between the ten sub-regions of the soles were examined for retention
capability. For this purpose, the total strength values were presented for three wearers, ten sub-
regions, three shoe types, and two feet, in Figure 4. Only dataset A was considered.

Overall, the quantity of sand particles retained varied across the ten sub-regions of the
shoe sole. Nonetheless, S1 and S3 exhibited similar trends, regardless of foot and BMI status.
For both shoe types, sub-regions 2 (i.e., L2 and R2) and 7 (i.e., L7 and R7) consistently had
the highest total strength values. In particular, the highest values were observed in S3, which
aligns with earlier findings that S3 showed the highest capacity to retain sand particles. On the
contrary, the distribution patterns seen in the left and right feet of S2 were inconsistent with
each other. Sub-regions 2, 3, and 4 of the right foot scored relatively higher than the same sub-
regions of the corresponding sub-regions of the left foot, which exhibited substantially higher
total strength values at sub-regions 7, 8, and 9.
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Figure 4: Bar charts showing total of strength values by the ten regions of a shoe sole according to
shoe type: (a, d) S1, (b, e) S2, (c, f) S3; and foot: (a-c) left, (d-f) right

Among the sub-regions with relatively higher sums of strength values, only the sub-

region L7 (i.e., left foot) of S1 and S2 showed a clear negative correlation with BMI status. In
contrast, the negative correlation between BMI status and the total of strength value was only
seen at the sub-region R2 (i.e., right foot) of S1. Meanwhile, the total of strength values for
sub-region R3 (i.e., right foot) of S3 was positively associated with BMI status.

Robustness of the Study

To assess the robustness of the study, datasets A and B were compared by considering the right
foot across three different BMI statuses (i.e., W1, W2, W3) and two shoe types (i.e., S1, S2).
Figure 5 shows the bar charts of the total of strength values by the ten sub-regions. The
robustness was assessed by comparing the relative differences in the total values derived from
the same wearer and shoe type across two different sampling periods (i.e., sets A and B).
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Figure 5: Bar charts showing the total of strength values by the ten regions of a right shoe sole
according to shoe type: (a-c) S1, (d-f) S2; BMI status: (a, d) W1, (b, ) W2, and (¢, f) W3. Light blue
and green bars denote data set A; dark blue and dark green bars indicate data set B

Overall, the distribution of the total of strength values by the ten sub-regions across the
two sampling periods was not 100% similar for S1 and S2. Nonetheless, sub-regions with a
relatively higher total of strength values (i.e., better capability to retain sand particles) were
consistent across the two sampling periods. Specifically, the highest total values were observed
at sub-regions 2 and 7, regardless of wearers and time periods, for S1. On the other hand, sub-
regions 1 to 4 of S2 tended to show a relatively higher total of strength values over the two
sampling periods.
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General Remarks

Insights into the spatial dynamics of trace evidence indicators (transfer and persistence) can
contribute to improving practices in the examination of footwear impressions. The findings
revealed the effects of shoe sole materials, BMI status, and foot and foot (left or right) on the
spatial dynamics distribution and retention of sand particles underneath the shoe sole.

Retainability of sand particles, (i.e., adherence properties), was shown to be vary with
shoe sole material. Theoretically, the adherence property (ability to bond with adhesives or
other materials) Theoretically, adherence (the ability to bond with other materials) is influenced
by surface characteristics and chemical composition [14]. The present study found that
ethylene-vinyl acetate (EVA) exhibited the highest adherence. The adhesion of EVA is largely
dependent on its vinyl acetate (VA) content. Higher VA content increases flexibility and
viscosity, thereby enhancing bonding strength [15]. Consequently, the influence of BMI status
was largely overshadowed by the high adherence of EVA.

In contrast, S1,[16] in particular, untreated styrene-butadiene rubber (SBR) and natural
rubber (NR) exhibit poor inherent adhesion to polar materials due to the lack of polar functional
groups. Which utilised a rubber-based sole, demonstrated the lowest adherence property.
Rubber is generally hydrophobic and non-polar, thus often requires surface activation to
achieve strong adhesion [16]. Rubber, especially untreated styrene-butadiene rubber (SBR) or
natural rubber (NR), typically has poor inherent adherence to polar adhesives. Rubber surfaces
are often hydrophobic (water-repellent) following a lack polar chemical groups.

In terms of physical properties, EVA is extremely lightweight, flexible, and provides
effective cushioning and shock absorption [17], whereas rubber is denser than EVA.
Proprietary resin-based shoe sole materials, often based on polyurethane (PU). Despite the
obvious variation in weight, wearers of different BMI statuses tended to produce broadly
similar retention patterns. This suggests that BMI status plays a limited role in influencing the
adherence properties of sand particles compared to shoe sole material.

However, a relationship between BMI status and retainability was observed for S1,
whereas it was least evident for S3. An inverse relationship between wearer weight and sand
retention capabilities was identified.

Contrary to initial expectations, individuals with lesser weight will demonstrate a
greater sand-retention on the shoe outsoles. This may be explained by differences in applied
pressure, lighter persons exerted less downward force on the sandy substrate, while walking,
resulting lower compaction and a looser arrangement of the sand grains. These loosely packed
sand particles are more readily transpirable via electrostatic forces and capillary action when
moisture is present.

In contrast, heavier individuals, exert greater pressure, inducing a greater dilatancy
effect, allowing the moisture to penetrate deeper into the surrounding sand and away from the
shoe shoe—surface interface [18]. This reduces the available moisture on the contact surface,
which reduces adhesion via cohesive forces.

Sand grain particles adhere to shoe outsoles due to the influence of forces such as Van
Der Waals interactions, electrostatic attraction, and small moisture bridges, which are stronger
than the gravitational pull on a small scale [19]. For a smaller particle such as sand, the high
surface area-to-mass ratio results in more effective attachment forces. Lighter individuals exert
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less pressure, so more sand grains remain on the ground surfaces in a loose arrangement. Thus,
the loose sand particles are available to be transferred to the shoe outsoles upon contact.

It is important to emphasise that this study introduces the Harris Corner detector as a as
a quantitative proxy for estimating the number of sand particles retained on a shoe sole. To
date, applying the corner strength values for this purpose has never been reported in the
available literature. Theoretically, the Harris Corner relies on mathematical approaches for
identifying points resembling corners or areas of high-intensity change in all directions [20].
Sand particles observed in this study exhibit sharp, angular edges rather than rounded shapes.
Preliminary examinations suggest that the Harris corner strength is likely directly proportional
to the number of sand particles adhering to the shoe sole surface (Figure 1). Accordingly, the
summed corner strength values were used as an indicator of retained sand particles

Limitations of the Study

The findings of this study are subject to several limitations. First, each BMI category was
represented by only one subject. Although, it was found that the influence of BMI was only
more pronounced with the rubber-based soles. Future studies should consider increasing the
number of subjects per BMI category to improve statistical robustness .

Second, only the sandy substrate was considered examined at a real forensic context, a
variety of soil types may be encountered.

Finally, while this study demonstrates the feasibility of using the Harris corner detector
to estimate retained particles, no formal validation was conducted to confirm the relationship
between corner strength values and actual particle counts. Future work should include
controlled validation experiments to quantify this relationship.

This research paper also demonstrated the feasibility of applying the Harris Corner
detector at estimating the number of sand particles retained by a sole. No specific validation
study was performed to assess the assumption proposed in this research paper. Therefore, future
studies should include a well-designed test to estimate the correlation between the number of
retained sand particles and the strength value of the Harris Corner detector.

Conclusions

In conclusion, ethylene vinyl acetate (EVA) shoe sole materials demonstrated the highest
adherence property compared to polyurethane (PU) and rubber. Consequently, the influence of
BMI cannot be readily deduced from an EVA shoe sole due to its extremely high adherence.
Meanwhile, a rubber-based outsole is more likely to show a variation in particle retention with
regard to BMI: Lighter individuals RW shown to retain more sand than heavier individuals,
contradicting generally accepted assumptions and underscoring the importance of
understanding the physics behind particle adhesion in forensic settings. To strengthen the
validity and robustness of the findings, future investigations should encompass other substrate
types (e.g., loam soils) and a wider range of shoe sole materials.

Additionally, the reliability of Harris Corner strength values as an indication of the
quantity of retained particles on the shoe sole in a controlled setting must also be assessed. The
results of this study are expected to contribute to the growing body of knowledge on forensic
footwear analysis and lay the groundwork for the development of increasingly complex
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analytical frameworks, in line with the dynamic nature of residue transfer and retention in real-
world investigative situations.
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