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Abstract
Saw mark analysis is an important component of forensic anthropology, particularly 
in cases of postmortem dismemberment. While stereomicroscopy remains the bench-
mark for evaluating kerf features, recent advances in imaging technologies offer new 
opportunities for documenting and interpreting bone trauma. Although these modali-
ties have been studied individually, few investigations have directly compared their 
relative strengths and limitations. Four fresh human femora were sectioned using 
six teeth per inch ripsaw to produce 32 false starts and 64 complete cuts. Sixteen 
kerf features were assessed across stereomicroscopy, micro-focus X-ray computed 
tomography (micro-XCT), and three-dimensional printed bone models, with scoring 
for presence, absence, or type, and quantitative measurement where applicable. In 
addition, a subset of 10 false starts and 10 complete cuts were selected for observer 
error testing. Minimum kerf width and kerf wall shape showed the highest agreement 
across observers and modalities, while features such as kerf flare, pull-out striae, 
and residual kerf wall striae demonstrated lower agreement. Stereomicroscopy pro-
vided the highest resolution for fine surface features, whereas micro-XCT enhanced 
non-destructive visualization of internal kerf morphology and fracture-related traits. 
Three-dimensional printed models reliably reproduced broader qualitative features 
but lacked sufficient resolution for fine-scale traits and precise measurements. 
Significant differences between modalities were observed for several features, em-
phasizing the influence of visualization method on feature detection and measure-
ment. These findings highlight the need for standardized feature definitions and 
modality-specific scoring protocols. A multimodal approach of the three modalities is 
recommended to strengthen the reliability, interpretive value, and forensic applicabil-
ity of saw mark analysis.
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1  |  INTRODUC TION

Saw mark analysis is a critical component of forensic anthropology 
in the assessment of bone trauma, particularly in cases of postmor-
tem dismemberment [1, 2]. Identifying and interpreting tool marks 
on bone provides critical information about the class of tool used, 
contributing to both investigative and legal processes [3]. Despite 
its importance, the field remains underdeveloped, partly due to a 
lack of standardized methods and error-rate validation, which re-
duces confidence in its application in forensic casework [1, 4]. The 
need for reliable approaches is especially urgent in regions such as 
South Africa, where high rates of violent crime and dismemberment 
cases [5–7] place additional pressure on forensic practitioners to ex-
tract accurate information from skeletal remains.

Saws cause narrow, slow-loaded forces that produce character-
istic kerfs from the beveled edges of saw teeth [8]. Although saw 
marks are typically easier to distinguish from other forms of bone 
modification, careful analysis is still required, and recent advances, 
including statistical modeling and digital imaging, have enhanced 
their documentation and interpretation [9–12]. imaging modalities 
such as micro-focus X-ray computed tomography (micro-XCT) and 
three-dimensional (3D) printing provide new ways of documenting 
and evaluating kerf features, potentially enhancing both accuracy 
and courtroom presentation [13–15].

Recent research has demonstrated the potential of advanced 
imaging methods for improving the reproducibility of saw mark 
analysis. Pelletti et  al. [13] used micro-XCT to analyze 170 false 
starts in human and pig femora created by four handsaws, show-
ing that striae form not only on kerf walls but also on kerf floors, 
and concluded that high-resolution imaging supports more reliable 
documentation and interpretation of features. Norman et  al. [14] 
extended this work by assessing 270 saw marks created with eight 
different tools, reporting that minimum kerf width (MKW) was the 
most straightforward feature to evaluate, with a 94% accuracy rate 
in predicting blade width and high inter-observer agreement. Other 
features, including kerf wall shape, tooth hop, and residual kerf wall 
striae, were successfully visualized but demonstrated greater vari-
ability in observer scoring. These findings highlight that while some 
features are highly repeatable, others remain less reliable, emphasiz-
ing the importance of testing observer error systematically.

Building on these advances, 3D printing offers a novel applica-
tion by converting digital scans into tangible physical models. These 
3D prints are particularly valuable for teaching and courtroom 

demonstration, where physical manipulation of evidence can aid 
comprehension among students, legal practitioners, and jurors 
[13–17]. Human bone structure is well-suited for additive manufac-
turing due to its rigidity [18], but challenges remain. For example, 
Baier et al. [15] demonstrated that trauma features larger than 3 mm 
are generally well preserved in 3D prints, whereas finer features are 
frequently lost. Variability in printer resolution and post-processing 
also introduces inconsistencies, raising questions about their foren-
sic admissibility [14, 16–17]. Nonetheless, 3D prints are increasingly 
recognized as accessible tools for education and communication 
in forensic anthropology, even if their evidential reliability remains 
under debate [15, 16, 19].

The validation of saw mark analysis methods remains incomplete, 
with limited research examining observer error and the influence of 
analytical modality on the assessment of saw mark features [11, 14, 
20]. This study therefore evaluated saw mark features produced by 
a single six teeth per inch (TPI) ripsaw on human femora using three 
analytical modalities: stereomicroscopy, micro-XCT, and 3D printed 
bone models. Sixteen qualitative and quantitative features were 
assessed to determine intra- and inter-observer agreement, as well 
as the effects of modality on feature detection, scoring, and mea-
surement. A subset of false starts and complete cuts was analyzed 
to quantify observer agreement and error rates, while modality-
specific performance was evaluated to identify strengths and limita-
tions across approaches. By integrating observer error testing with 
cross-modality comparison, this research addresses key gaps in saw 
mark validation, clarifies the reliability of commonly used features, 
and evaluates the forensic, educational, and courtroom utility of 
emerging non-destructive and 3D printed models.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

2.1.1  |  Sample and sample preparation

Four fresh human femora were obtained from whole-body donors 
via the National Tissue Bank of South Africa in compliance with the 
National Health Act no. 61 of 2003 after obtaining ethical clear-
ance from the Research Ethics Committee of the Faculty of Health 
Sciences, University of Pretoria (ethical clearance reference no. 
241/2023). The femora came from two male donors (41 and 59 years 

Highlights

•	 Observer error evaluation and feature comparison using a single saw across three modalities.
•	 Minimum kerf width, kerf floor, and kerf wall shapes are most reproducible; micro-XCT shows 

the best agreement.
•	 Stereomicroscopy provided the highest resolution for fine kerf features and striae.
•	 Non-destructive imaging improved detection of spalling and internal kerf traits.
•	 Bone models 3D printed lacked fine detail for analysis but can be used for teaching purposes.
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of age) with no evidence of trauma or pathology. The femora were 
disarticulated, stored frozen, and manually defleshed with a scalpel 
after thawing.

Each femur was secured in a double bench vice with padded 
clamps to prevent movement [3, 21] (Figure 1). A new six TPI ripsaw 
was used to create cut marks along the diaphyses of the bones, with 
the blade progress from lateral to medial and blade stroke from an-
terior to posterior. The cuts were performed freehand under steady 
pressure to prevent the blade from binding, with each kerf com-
pleted in one sitting. A single saw type was employed to allow for a 
large sample size and focused assessment of repeatability, providing 
statistical power while acknowledging that future studies should ex-
pand to multiple saw types. After each cut, the blade was withdrawn 
in a single upward stroke to simulate pull-out striae [21]. False starts 
were produced first, often extending into the marrow cavity, and 
were followed by complete cuts. In total, each femur was sectioned 
into nine pieces, yielding a total of 32 false starts and 64 complete 
cuts (Figure 2).

Following sectioning, the samples were boiled at 100°C for 7 h 
with inspections every 30 min to monitor progress. They were then 
sterilized in a 1:3 bleach–water solution for 30 min, rinsed, and left 
to air dry.

2.1.2  |  Micro-XCT data acquisition

The 36 bone sections were scanned using a Nikon XT H 225L in-
dustrial Computed Tomography system (Nikon Metrology, Belgium) 
micro-XCT scanner housed at the Micro-Focus X-ray Radiography 
and Tomography facility (MIXRAD) of the South African Nuclear 
Energy Corporation SOC, Ltd. (Necsa, Pelindaba, South Africa) [22, 
23]. The acquisition and reconstruction parameters were as follows: 
120-kV beam voltage, 130-μA beam current, and angular increment 

of 2500 projections per 360° at one frame per second, with final 
resolutions ranging between 24.23 and 32.44 μm. Each scan took 
approximately 41 min to complete and was reconstructed using CT 
Pro 3D V. XT 4.4.3, with beam hardening and noise reduction set at 
2, mild image enhancement, and converted into a single 16-bit tag 
image file format (TIFF) image stack.

2.2  |  Methods

2.2.1  |  Cut mark analysis

A standard operating procedure was developed to measure and 
score features across all three modalities based on criteria avail-
able in the literature. Observer error data was collected by two 
observers. Observer 1 was a master's student in forensic anthro-
pology with prior casework experience and comprehensive fa-
miliarity with the relevant literature, having reviewed and analyzed 
published criteria before data collection. The intra-observer error 
study was conducted over a 6-week period by Observer 1, 2 weeks 
after conducting data collection for the main dataset. This ensured 
consistency in measurement and allowed for a direct assessment of 
intra-observer reliability. Observer 2, who did the inter-observer 
error, was a forensic case analyst with a master's degree and several 
years of professional practice in the examination of skeletal material, 
providing complementary expertise and strengthening the assess-
ment of observer error.

All 16 saw mark features were first assessed for presence or 
absence. Present features were either categorized and scored or 
measured quantitatively (Table 1). False start and complete cut exit 
chipping and entrance shaving were recorded at entrance, exit, or 
both. Exit chipping and entrance shaving were also counted on 
both the entrance and exit sides of each kerf to assess whether 

F I G U R E  1  Double bench vice setup to clamp the femur at the proximal (left) and distal (right) ends.
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feature frequency could help infer cutting direction and whether 
modality type influenced visibility. MKW was measured at three 
narrowest points per false start, selecting the smallest; stereo-
microscope measurements were at the cortical surface, whereas 
micro-XCT measurements were taken within the kerf perpendicu-
lar to the kerf floor. Bone islands, harmonics, tooth hop, and floor 
dip were measured peak-to-peak and valley-to-valley, while pull-
out striae, tooth trough width, and residual kerf wall striae were 
measured as minima and maxima to capture variability. Residual 
kerf wall striae types A and B were measured following the de-
scriptions of Saville et al. [24]. This uniform scoring and measure-
ment scheme was applied to stereomicroscope images, micro-XCT 
3D reconstructions, and 3D printed models to allow direct modal-
ity comparisons.

2.2.2  |  Stereomicroscope analysis

Each cut surface was examined using a Zeiss Axio Zoom.V16 ster-
eomicroscope (Carl Zeiss Microscopy GmbH, Jena, Germany) 
equipped with a PlanApo Z 0.5×/0.125 FWD 114 mm objective, 
providing a magnification range of 3.5× to 56× (Figures 3A and 4A). 
Built-in illumination was supplemented with angled AmScope® dual 
illumination to enhance visibility. Surfaces were cleaned with iso-
propyl alcohol before imaging and positioned perpendicular to the 
objective. Captured images were post-processed for shading cor-
rection where needed, and Z-stacking was used to capture curved 

surfaces for features such as exit chipping and entrance shaving. The 
3D printed bone models were analyzed under the same stereomicro-
scope conditions.

2.2.3  |  Image segmentation

Reconstructed micro-XCT scans were converted from 16-bit to 8-bit 
TIFF stacks in ImageJ [29], with brightness and contrast adjusted for 
optimal segmentation. The scans were then imported into VG Studio 
MAX 3.1 (Volume Graphics GmbH, Heidelberg, Germany) and seg-
mented using the Automatic Surface Determination approach, 
which applied a global threshold based on gray value distribution to 
separate bone from air [23]. No smoothing was applied to preserve 
surface detail. Segmented models were exported as standard trian-
gle language (STL) files.

2.2.4  |  Micro-XCT analysis

The STL bone models were imported into Avizo 2019.1 (Thermo 
Fisher Scientific, Waltham, MA, USA) to score and measure false 
starts and complete cuts (Figures  3B and 4B). Features were as-
sessed using the orthographic view and 3D length tool, mimicking 
the viewing, placement, and measuring angles that were used for 
stereomicroscope analysis. For false starts, kerf walls were exam-
ined by digitally removing half of the kerf, allowing unobstructed 

F I G U R E  2  The total sample size of 36 bone sections consisting of 32 false start and 64 complete cut kerfs.
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visualization of wall features (Figure 5). All features listed in Table 1 
were evaluated under this modality.

2.2.5  |  3D printing

The STL models were prepared in Meshmixer™ to repair mesh ar-
tifacts and ensure watertightness. Printing was performed at scale 
with a Formlabs Form 3L stereolithography (SLA) printer using 
White V4 resin at 0.05 mm layer thickness. The 3D models were 
oriented to avoid seam lines and support contact with cut surfaces 
as much as possible. After printing, they were cleaned in isopropyl 
alcohol, cured at 60°C, and left under indirect sunlight for additional 
hardening. Support structures were removed with flush cutters. To 
improve feature visibility under the stereomicroscope, the models 
were dyed with a mixture of diluted alcohol inks to create a contrast-
ing light-brown/purple hue that provided sufficient contrast and 
reduced overexposure when imaged under the stereomicroscope 
(Figures 3C and 4C).

2.3  |  Statistical analysis

2.3.1  |  Observer error

All statistical analyses were conducted using R software and the 
RStudio environment (version 2024.09.1) [30]. A sample of 10 
complete cuts and 10 false starts representing all features was 
selected to evaluate the intra-observer (P1 versus P2) and inter-
observer (P1 versus A1) error rates across all three modalities. 
Cohen's Kappa (irr package) was used to assess agreement for 
presence/absence and categorical scores, with Kappa values and 
p-values interpreted to indicate agreement strength. Proportion 
of agreement was also calculated to describe inter- and intra-
rater concordance, particularly for features with limited variation 
[31, 32]. Measurement agreement was assessed using technical 
error of measurement (TEM), relative TEM (%TEM) (base R pack-
age), and intraclass correlation coefficients (ICC) (irr package) with 
95% confidence intervals [33]. Measurements with an ICC of >0.8 
were considered repeatable [34]. Given sub-millimeter differences, 
%TEM was the primary reliability metric, with ≤5% deemed accept-
able [11, 35]. Significant results across tests indicated strong agree-
ment between observers.

2.3.2  |  Influence of modality

Stereomicroscope, micro-XCT, and 3D printed model scores and 
measurements of false starts and complete cuts were compared 
with evaluate whether modality influenced feature assessment. 
Descriptive and inferential statistics were applied to summarize 
the data and test for differences. For categorical features, Chi-
squared tests (stats package) were used when expected counts Fe
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exceeded five, while Fisher's exact tests (stats package) were 
applied to smaller cell counts. For quantitative measurements, 
normality was assessed visually with Q-Q plots [36]. Normally 
distributed data were tested using paired Student's t-tests (stats 
package), with results reported as mean differences, standard de-
viations, confidence intervals, and effect sizes (Cohen's d) (effsize 
package) [37]. Data not normally distributed were analyzed using 
Wilcoxon signed-rank tests, with results reported as medians 
of differences and effect size r-values (rstatix package). Bland–
Altman plots (blandr and ggplot2 packages) were generated for all 
measurements to visualize agreement and bias between modali-
ties [38]. Exit chipping and entrance shaving counts were specifi-
cally tested with Wilcoxon signed-rank tests, given their paired 
discrete nature [39, 40].

3  |  RESULTS

3.1  |  Observer error

3.1.1  |  Intra-observer error

Across all three modalities, intra-observer agreement for false 
start scores was generally high (Table 2), with MKW consistently 
achieving perfect agreement. Blade drift, kerf floor shape, kerf 
wall shape, and exit chipping also showed near-perfect agreement, 
while features such as pull-out striae and floor dip were reliably 
scored as absent. Bone islands, kerf flare, and kerf floor striae type 
demonstrated more variable agreement, particularly in 3D printed 
models.

In complete cut scores, harmonics and pull-out striae were 
consistently absent and thus scored with perfect agreement, 
while breakaway spurs and notches showed substantial agree-
ment across modalities. Type A residual kerf wall striae exhibited 
near-perfect agreement, though some variability was evident 
depending on the modality. Type B residual kerf wall striae also 
had near-perfect agreement, although because the feature was 

absent under micro-XCT and 3D print analysis. Entrance shaving 
and tooth trough width had near-perfect agreement; however, en-
trance shaving side was less consistent, especially in stereomicro-
scope and micro-XCT analysis.

Overall, in terms of scores, the features with the least observer 
error across the three modalities were MKW, kerf wall and floor 
shape, exit chipping, and pull-out striae. In contrast, features that 
required finer discrimination, such as kerf flare and entrance shav-
ing, showed lower levels of agreement, with the 3D printed models 
generally yielding the least consistent results.

Intra-observer measurements showed that MKW was highly 
repeatable across all three modalities, with low error rates and ex-
cellent agreement (Table 3). Bone island measurements had lower 
error rates with the stereomicroscopy and micro-XCT modalities, 
although 3D prints showed higher error and poor agreement. Tooth 
trough width proved more problematic, with stereomicroscopy and 
micro-XCT yielding moderate agreements, but 3D prints demon-
strated poor agreement.

For complete cuts, tooth hop and pull-out striae measurements 
highlighted differences between modalities. Tooth hop was mea-
surable with stereomicroscopy and micro-XCT, but the feature was 
not readily observable on the 3D prints. Pull-out striae, when pres-
ent, were measured with excellent agreement and low error rates 
under both stereomicroscopy and micro-XCT, whereas 3D prints 
again showed poor agreement. Residual kerf wall striae presented 
significant challenges: both stereomicroscopy and micro-XCT 
demonstrated high variability, and 3D prints had high error rates. 
Type B residual kerf wall striae had high error rates under stereo-
microscopy, and the feature was not observed in the other two mo-
dalities. Measurements of tooth trough width on breakaway spurs 
also varied; stereomicroscopy showed high error rates, while micro-
XCT produced more acceptable values, and 3D prints showed poor 
agreement.

Overall, MKW and pull-out striae under stereomicroscopy and 
micro-XCT had low error rates, while subtle features such as residual 
kerf wall striae and tooth trough width had higher error rates, espe-
cially in 3D printed models.

F I G U R E  3  The same complete cut surface under stereomicroscope view as the (A) original bone (left), (C) 3D printed model (right), and as 
a (B) micro-XCT 3D model (middle). Scalebar: 5 mm.
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3.1.2  |  Inter-observer error

Inter-observer agreement for false start scores showed mixed out-
comes across the three modalities (Table  4). MKW consistently 
achieved perfect agreement, along with kerf wall shape, kerf floor 

shape, and exit chipping. Bone islands and kerf wall shape type dem-
onstrated moderate to substantial agreement, particularly under 
micro-XCT, whereas features such as kerf flare, floor dip, and en-
trance shaving side showed poor agreement with all three modalities.

For complete cut scores, observer agreement improved for sev-
eral features. Breakaway spurs and notches, residual kerf wall striae, 

F I G U R E  4  Comparative view of the (A) original bone section (left), (B) micro-XCT 3D model (middle), and (C) 3D printed model (right). 
Scalebar: 5 mm.

F I G U R E  5  An example of pull-out striae measurements (black box) on a micro-XCT scanned 3D model false start kerf wall (top) 
measurable after temporarily removing the opposite half of the false start kerf (bottom). Scalebar: 5 mm.
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and tooth trough width on breakaway spurs demonstrated high to 
perfect agreement across modalities, with micro-XCT generally pro-
viding the best agreement of the three modalities. Features such 
as tooth hop, harmonics, and entrance shaving side showed poor 
agreement. As with intra-observer analysis, the 3D printed models 
tended to perform poorly for subtle traits, though they showed per-
fect agreement for macroscopic features such as breakaway spurs 
and exit chipping.

Overall, the most repeatable features between observers were 
MKW, kerf wall and floor shape, and breakaway spurs. In contrast, 
kerf flare, entrance shaving, and tooth hop exhibited poor agree-
ment, emphasizing the difficulty of consistently identifying more 
subtle or ambiguous traits across the three modalities.

Inter-observer measurement error varied notably across mo-
dalities, with few select features meeting the criteria for accept-
able error margins (Table 5). MKW was one of the most consistent 

TA B L E  2  Reproducibility tests for intra-observer scores of all features on false starts and complete cuts across the three modalities.

Feature

False starts

Stereomicroscope Micro-XCT 3D prints

Proportion 
of 
agreement

Cohen's 
kappa p-value

Proportion of 
agreement

Cohen's 
kappa p-value

Proportion 
of 
agreement

Cohen's 
kappa p-value

MKW 1 – – 1 – – 1 – –

Blade drift 0.9 – – 0.9 – – 1 – –

Bone islands 0.8 0.58 0.07 0.8 0.60 0.04 0.9 0.78 0.01

Pull-out striae 1 – – 1 – – 1 – –

Floor dip 1 – – 1 – – 1 – –

Kerf floor striae 1 – – 1 – – 1 – –

Kerf floor striae type 0.8 0.11 0.73 - – – – – –

Kerf flare entrance 0.5 0.19 0.30 0.8 0.58 0.07 0.7 0.29 0.20

Kerf flare exit 0.5 0.19 0.30 0.9 0.80 0.01 0.9 0.78 0.01

Kerf wall shape 1 – – 1 – – 1 – –

Kerf wall shape type 0.9 – – 0.9 – – 1 – –

Kerf floor shape 1 – – 1 – – 1 – –

Kerf floor shape type 0.8 0.78 <0.001 0.8 0.63 0.03 0.8 0.86 <0.001

Tooth trough width 0.9 – – 1 – – 0.6 0.09 0.75

Exit chipping 1 – – 1 – – 0.9 0.80 0.01

Exit chipping side 1 – – 1 – – 0.7 0.57 0.03

Entrance shaving 1 – – 0.7 0.02 0.60 0.5 0.07 0.78

Entrance shaving side 0.9 – – 0.4 0.12 0.68 0.3 0.03 0.35

Complete cuts

Harmonics 1 – – 1 – – 1 – –

Tooth hop 0.6 0.17 0.60 0.8 0.52 0.10 0.9 – –

Pull-out striae 1 1 <0.001 1 1 <0.001 1 1 <0.001

Breakaway spur 0.9 0.78 <0.001 0.9 0.78 0.01 0.9 0.78 0.01

Breakaway notch 0.8 0.40 0.20 0.7 0.62 0.04 1 1 <0.001

Type A residual kerf wall 
striae

0.9 – – 1 – – 0.8 0.38 0.24

Type B residual kerf wall 
striae

0.9 0.62 0.04 1 – – 1 – –

Tooth trough width 0.9 0.78 0.01 1 1 <0.001 1 – –

Exit chipping 1 – – 1 – – 1 – –

Exit chipping side 0.7 0.35 0.26 1 – – 0.7 0.55 0.04

Entrance shaving 0.8 0.55 0.05 0.8 0.41 0.11 0.9 0.78 0.01

Entrance shaving side 0.6 0.63 0.03 0.6 0.29 0.30 1 1 <0.001

Note: Bold kappa values: substantial or higher agreement. Bold p-values: statistical significance. Dashed lines: no available statistics.
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features, showing moderate agreement across all three modalities, 
although error rates were higher than those observed in intra-
observer analysis. Bone island measurements had high error rates 
with all three modalities. Tooth trough width, both minimum and 
maximum, performed poorly across modalities, with high error rates 
and little statistical agreement, indicating that this feature is not re-
liably measurable between observers.

For complete cuts, pull-out striae measurements demon-
strated excellent agreement with stereomicroscopy and micro-
XCT, while 3D prints showed poor agreement. In contrast, type 
A and B residual kerf wall striae displayed consistently high error 
rates and poor inter-observer agreement across modalities. 
Measurements of tooth trough width on breakaway spurs fol-
lowed a similar pattern: stereomicroscopy showed poor agree-
ment, while micro-XCT provided acceptable error rates and 
excellent agreement.

In summary, inter-observer measurement error was acceptable 
for MKW and pull-out striae under stereomicroscopy and micro-
XCT, whereas tooth trough width and residual kerf wall striae 
were highly variable with poor agreement. The 3D printed models 
had the highest error rates, particularly for features requiring fine 
resolution.

3.2  |  Frequency of features

Across the 32 false starts, MKW was consistently present in all mo-
dalities, seen in Table  6. Blade drift was almost always observed, 
while bone islands and pull-out striae occurred less frequently, with 
bone islands most often identified under stereomicroscopy. Floor 
dip was not observed in any sample. Kerf floor striae were only vis-
ible under stereomicroscope analysis. Kerf flare and kerf wall shape 
were regularly observed, though the side of occurrence of kerf flare 
varied between modalities. Kerf floor shape was most often scored 
as W-shaped or stepped in stereomicroscope and micro-XCT analy-
ses, while 3D prints tended to show flat profiles. Exit chipping and 
entrance shaving were generally more distinct in stereomicroscopy 
and micro-XCT, though both features were variably identified in 3D 
prints.

For the 64 complete cuts, harmonics were absent across all mo-
dalities, while tooth hop and pull-out striae were more commonly 
identified under stereomicroscopy and less so in micro-XCT and 3D 
prints as seen in Table  7. Breakaway spurs and notches were fre-
quently observed in stereomicroscopy and micro-XCT but were less 
distinct in 3D prints. Type A residual kerf wall striae were consis-
tently identifiable across all modalities, but type B striae were only 

TA B L E  3  Reproducibility tests for intra-observer measurements of features on false starts and complete cuts across the three modalities.

Feature

False starts

Stereomicroscope Micro-XCT 3D prints

%TEM ICC p-value %TEM ICC p-value %TEM ICC p-value

MKW 2.78 0.94 <0.001 2.50 0.96 <0.001 4.26 0.91 <0.001

Bone islands 4.24 0.95 0.03 3.75 0.35 0.33 6.85 0.80 0.10

Pull-out striae minimum – – – – – – – – –

Pull-out striae maximum – – – – – – – – –

Floor dip trough-to-trough – – – – – – – – –

Floor dip peak-to-peak – – – – – – – – –

Tooth trough width minimum 4.48 0.51 0.07 5.79 0.02 0.74 10.09 0.08 0.56

Tooth trough width maximum 3.70 0.64 0.02 6.80 0.61 0.02 9.96 0.64 0.08

Complete cuts

Harmonics trough-to-trough – – – – – – – – –

Harmonics peak-to-peak – – – – – – – – –

Tooth hop 8.92 0.93 0.12 1.73 – – – – –

Pull-out striae minimum 2.99 1 <0.001 3.97 0.99 0.01 5.33 – –

Pull-out striae maximum 4.67 0.99 0.03 1.12 0.99 0.02 8.12 – –

Type A residual kerf wall striae minimum 30.23 0.42 0.11 34.03 0.03 0.81 39.16 0.04 0.47

Type A Residual kerf wall striae maximum 26.63 0.63 0.03 7.14 0.91 <0.001 32.01 0.44 0.14

Type B Residual kerf wall striae minimum 25.67 0.78 0.01 – – – – – –

Type B Residual kerf wall striae maximum 17.95 0.85 <0.001 – – – – – –

Tooth trough width minimum 11.03 0.08 0.91 3.87 0.51 0.24 5.85 – –

Tooth trough width maximum 5.66 0.48 0.26 3.99 0.54 0.23 3.47 – –

Note: Bold values: measurement error of ≤5%, good to excellent ICC value, or significant p-value. Dashed lines: no available statistics.
Abbreviations: %TEM, relative technical error measurement; ICC, intraclass correlation coefficient.
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TA B L E  4  Reproducibility tests for inter-observer scores of all features on false starts and complete cuts across the three modalities.

Feature

False starts

Stereomicroscope Micro-XCT 3D prints

Proportion of 
agreement

Cohen's 
kappa p-value

Proportion of 
agreement Cohen's kappa p-value

Proportion of 
agreement

Cohen's 
Kappa p-value

MKW 1 – – 1 – – 1 – –

Blade drift 0.5 0.19 0.39 0.5 – – 0.3 – –

Bone islands 0.7 0.40 0.20 0.8 0.60 0.04 0.9 0.78 0.01

Pull-out striae 1 – – 0.7 – – 1 – –

Floor dip 0 – – 0.5 – – 1 – –

Kerf floor striae 1 – – 0.9 – – 1 – –

Kerf floor striae 
type

0.8 0.09 0.73 - – – – – –

Kerf flare 
entrance

0.6 0.20 0.49 0.6 0.23 0.43 0.6 0.09 0.75

Kerf flare exit 0.4 0.12 0.43 0.3 0.04 0.20 0.8 0.58 0.07

Kerf wall shape 1 – – 1 – – 1 – –

Kerf wall shape 
type

0.9 0.62 0.04 0.6 – – 0.6 – –

Kerf floor shape 1 – – 1 – – 1 – –

Kerf floor shape 
type

0.8 0.78 <0.001 0.9 0.85 <0.001 0.5 0.43 0.11

Tooth trough 
width

0.8 0.11 0.73 0.9 – – 0.5 – –

Exit chipping 1 – – 1 – – 0.5 0.09 0.78

Exit chipping side 1 – – 1 – – 0.3 0.15 0.63

Entrance shaving 0.9 – – 0.8 – – 0.6 0.29 0.20

Entrance shaving 
side

0.5 – – 0.4 0.10 0.73 0.5 0.05 0.73

Complete cuts

Harmonics 0.3 – – 0.6 0 1 0.6 0 1

Tooth hop 0.2 0.05 0.07 0.2 0.03 0.10 1 – –

Pull-out striae 0.5 0.19 0.30 0.5 0.19 0.30 0.8 0.55 0.05

Breakaway spur 1 1 <0.001 0.9 0.78 0.01 1 1 <0.001

Breakaway notch 0.7 0.40 0.11 0.7 0.29 0.20 0.6 0.29 0.20

Type A residual 
kerf wall striae

0.9 – – 0.9 – – 0.7 0.21 0.49

Type B residual 
kerf wall striae

0.9 – – 0.9 – – 1 – –

Tooth trough 
width

1 1 <0.001 0.9 0.78 0.01 0.9 – –

Exit chipping 1 – – 1 – – 1 – –

Exit chipping side 0.6 0 1 1 – – 0.7 0.29 0.20

Entrance shaving 0.6 0 1 0.7 – – 0.7 0.35 0.26

Entrance shaving 
side

0.3 0.04 0.01 0.7 0.12 0.62 0.6 0.24 0.42

Note: Bold kappa values: substantial or higher agreement. Bold p-values: statistical significance. Dashed lines: no available statistics.
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visible under stereomicroscopy. Exit chipping and entrance shaving 
were most reliably detected under stereomicroscopy and micro-XCT 
analysis, whereas 3D prints often failed to capture these features.

In summary, larger features such as MKW, kerf wall and floor 
shape, and exit chipping were reliably present across all modalities, 
while more subtle features, including kerf floor striae, tooth hop, 
bone islands, and type B residual kerf wall striae, were mainly ob-
served in stereomicroscope analysis.

3.3  |  Influence of modality

3.3.1  |  Stereomicroscope versus micro-XCT scores

For false starts, MKW, pull-out striae, kerf flare, kerf wall shape, kerf 
floor shape, tooth trough width, exit chipping, and exit chipping side 
did not differ significantly between the stereomicroscope and micro-
XCT modalities (Table 8). In contrast, blade drift, bone islands, kerf 
wall shape type, kerf floor shape type, and entrance shaving showed 
statistically significant differences between the two modalities. Kerf 

floor striae were only scored under the stereomicroscope, prevent-
ing comparison of this feature and its subtype.

For complete cuts, the type of modality significantly influenced 
tooth hop, pull-out striae, breakaway spur, breakaway notch, type 
A residual kerf wall striae, tooth trough width on breakaway spurs, 
exit chipping, entrance shaving, and entrance shaving side (Table 8). 
Type B residual kerf wall striae and exit chipping side did not differ 
significantly between modalities, even though type B residual kerf 
wall striae were not present under micro-XCT analysis.

3.3.2  |  Stereomicroscope versus micro-XCT 
measurements

False start measurements showed mixed results (Table 9). MKW 
did not differ significantly between modalities, with stereomicro-
scope values slightly larger than micro-XCT. Tooth trough width 
(minimum and maximum) differed significantly, with stereomicro-
scope values consistently smaller than micro-XCT. Exit chipping 
counts on the exit side showed no significant difference, while 

TA B L E  5  Reproducibility tests for intra-observer measurements of features on false starts and complete cuts across the three modalities.

Feature

False starts

Stereomicroscope Micro-XCT 3D prints

%TEM ICC p-value %TEM ICC p-value %TEM ICC p-value

MKW 12.44 0.65 0.01 6.30 0.72 0.01 6.32 0.73 0.01

Bone islands 5.91 0.65 0.17 10.59 0.75 0.13 17.61 0.03 0.68

Pull-out striae minimum – – – – – – – – –

Pull-out striae maximum – – – – – – – – –

Floor dip trough-to-trough – – – – – – – – –

Floor dip peak-to-peak – – – – – – – – –

Tooth trough width minimum 8.25 0 0.50 7.46 0.16 0.33 13.21 0.17 0.64

Tooth trough width maximum 5.46 0.25 0.24 8.59 0.29 0.21 11.38 0.22 0.32

Complete cuts

Harmonics trough-to-trough – – – – – – – – –

Harmonics peak-to-peak – – – – – – – – –

Tooth hop 0.66 – – 4.00 – – – – –

Pull-out striae minimum 0.49 1 <0.001 2.29 0.99 0.03 8.94 – –

Pull-out striae maximum 5.74 0.99 0.05 1.02 1 <0.001 3.83 – –

Type A residual kerf wall striae 
minimum

38.02 0.09 0.40 19.20 0.46 0.08 46.38 0.03 0.77

Type A Residual kerf wall striae 
maximum

32.59 0.07 0.43 35.33 0.08 0.40 48.39 0.03 0.77

Type B Residual kerf wall striae 
minimum

51.08 0.01 0.51 – – – – – –

Type B Residual kerf wall striae 
maximum

27.51 0.03 0.47 – – – – – –

Tooth trough width minimum 6.45 0.04 0.72 4.94 0.40 0.30 – – –

Tooth trough width maximum 7.01 0.09 0.54 2.27 0.96 0.02 – – –

Note: Bold values: measurement error of ≤5%, good to excellent ICC value, or significant p-value. Dashed lines: no available statistics.
Abbreviations: %TEM, relative technical error measurement; ICC, intraclass correlation coefficient.
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entrance counts and entrance shaving counts (both entrance and 
exit) were significantly higher under stereomicroscopy, though ef-
fect sizes indicated small practical differences. Sample sizes for 
bone islands and pull-out striae were insufficient for robust sta-
tistical testing, and floor dip measurements were absent in both 
modalities.

For complete cuts, type A residual kerf wall striae minimum val-
ues showed no significant difference, while maximum values were 
significantly smaller under stereomicroscopy (Table 9). Type B resid-
ual kerf wall striae measurements were only obtainable under ste-
reomicroscopy. Exit chipping counts (both entrance and exit) were 
significantly higher in number under micro-XCT, with large effect 
sizes indicating practical differences. Entrance shaving counts on 
the exit side also differed significantly between the two modalities, 
whereas entrance side counts did not. Harmonics were absent, and 
sample sizes for tooth hop, pull-out striae, and tooth trough width on 
breakaway spurs were too small for meaningful analyses.

3.3.3  |  Stereomicroscope versus 3D print scores

For false starts, most features showed no significant differences be-
tween stereomicroscopy and 3D prints (Table 10). Bone islands and 
pull-out striae differed significantly, while MKW, blade drift, kerf 
flare, kerf wall and floor shape, and tooth trough width showed no 
significant differences. Kerf floor striae and striae type could only 
be scored under stereomicroscopy, preventing a direct comparison 
to 3D printed models. Exit chipping scores differed significantly, 
though exit chipping side and entrance shaving (score and side) did 
not.

For complete cuts, several features were significantly influ-
enced by modality (Table  10). Tooth hop, pull-out striae, break-
away spur, breakaway notch, and tooth trough width on breakaway 
spurs differed significantly between the two modalities. In con-
trast, type A and B residual kerf wall striae showed no significant 
differences, even though type B striae were only present under 

TA B L E  6  Frequency of false start features on all three modalities.

Feature Feature criteria

Stereomicroscope Micro-XCT 3D prints

Count Percentage Count Percentage Count Percentage

MKW Present 32/32 100% 32/32 100% 32/32 100%

Blade drift Present 31/32 96.88% 32/32 100% 31/32 69.88%

Bone islands Present 6/32 18.75% 5/32 15.63% 5/32 15.63%

Pull-out striae Present 2/32 6.25% 3/32 9.38% 0/32 0%

Floor dip Present 0/32 0% 0/32 0% 0/32 0%

Kerf floor striae Undulating 1/32 3.13% 0/32 0% 0/32 0%

Straight/undulating 31/32 96.88% 0/32 0% 0/32 0%

Thin and straight 0/32 0% 0/32 0% 0/32 0%

Kerf flare Entrance 2/32 6.25% 8/32 25% 10/32 31.25%

Exit 6/32 18.75% 16/32 50% 4/32 12.50%

Both 23/32 71.88% 5/32 15.63% 3/32 9.38%

None 1/32 3.13% 3/32 9.38% 15/32 46.88%

Kerf wall shape Alternating 31/32 96.88% 32/32 100% 31/32 96.88%

Straight 1/32 3.13% 0/32 0% 1/32 3.13%

Necking 0/32 0% 0/32 0% 0/32 0%

Kerf floor shape Round 0/32 0% 0/32 0% 0/32 0%

Flat 4/32 12.50% 9/32 28.13% 16/32 50%

Stepped 12/32 37.50% 11/32 34.38% 9/32 28.13%

W-shaped 16/32 50% 12/32 37.50% 6/32 18.75%

Tooth trough width Present 30/32 93.75% 31/32 96.88% 22/32 68.75%

Exit chipping Exit 1/32 3.13% 3/32 9.38% 12/32 37.50%

Entrance 0/32 0% 0/32 0% 2/32 6.25%

Both 31/32 96.88% 29/32 90.63% 11/32 34.38%

None 0/32 0% 0/32 0% 7/32 21.88%

Entrance shaving Entrance 2/32 6.25% 15/32 46.88% 5/32 15.63%

Exit 0/32 0% 2/32 6.25% 3/32 9.38%

Both 30/32 93.75% 13/32 40.63% 9/32 28.13%

None 0/32 0% 2/32 6.25% 15/32 46.88%
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stereomicroscope analysis. Exit chipping scores did not differ sig-
nificantly, although exit chipping side did. Entrance shaving and 
entrance shaving side also showed no significant differences be-
tween the two modalities.

3.3.4  |  Stereomicroscope versus 3D print 
measurements

False start measurements showed mixed outcomes (Table 11). MKW 
differed significantly between modalities, with stereomicroscope 
measurements consistently larger and showing a substantial ef-
fect size. In contrast, minimum and maximum tooth trough width 
measurements showed no significant difference. Exit chipping (both 
entrance and exit counts) and entrance shaving (entrance counts) 
all differed significantly, with stereomicroscope counts gener-
ally higher, though the effect sizes ranged from moderate to large. 
Entrance shaving counts on the side did not differ significantly. 
Sample sizes for bone islands, pull-out striae, and floor dip were too 
small for meaningful analysis.

For complete cuts, most features could not be robustly com-
pared due to limited sample sizes (pull-out striae, tooth hop, and 
tooth trough width on breakaway spurs). Type A residual kerf wall 
striae minimum measurements differed significantly, with stereo-
microscope values smaller than 3D print measurements, whereas 
maximum measurements showed no significant difference. Exit 
chipping counts (both exit and entrance), as well as entrance shaving 

counts on the entrance side, differed significantly, although the ef-
fect sizes suggested only moderate to limited practical differences.

Overall, stereomicroscope and 3D print analysis showed poor 
comparability for several measurements, particularly MKW, exit and 
entrance exit chipping counts, and entrance shaving entrance counts. 
However, tooth trough width and several kerf striae measures re-
mained consistent across modalities, suggesting that while finer details 
are captured more reliably under stereomicroscope analysis, 3D prints 
can provide broadly comparable results for less complex features.

3.3.5  |  Micro-XCT versus 3D print scores

Most false start scores showed no significant difference between 
micro-XCT and 3D print modalities (Table 12). MKW, floor dip, kerf 
floor striae, and tooth trough width were consistently comparable. 
Significant differences were observed for blade drift, bone islands, 
and pull-out striae. While kerf wall and floor shapes were consistently 
present across both modalities, both shape types differed significantly 
between the two modalities. Exit chipping was significantly influenced 
by modality, though exit chipping side, kerf flare, entrance shaving, and 
entrance shaving side showed no significant difference.

For complete cuts, several features were significantly influenced 
by modality. Tooth hop, pull-out striae, breakaway spur, breakaway 
notch, type A residual kerf wall striae, tooth trough width on break-
away spurs, and exit chipping all differed significantly between 
micro-XCT and 3D prints. Harmonics and type B residual kerf wall 

TA B L E  7  Frequency of complete cut features on all three modalities.

Feature Feature criteria

Stereomicroscope Micro-XCT 3D prints

Count Percentage Count Percentage Count Percentage

Harmonics Present 0/64 0% 0/64 0% 0/64 0%

Tooth hop Present 13/64 20.31% 9/64 14.06% 0/64 0%

Pull-out striae Present 8/64 12.50% 3/64 4.69% 2/64 3.13%

Breakaway spur/breakaway 
notch

Breakaway spur 27/64 42.19% 30/64 46.88% 31/64 48.44%

Breakaway notch 22/64 34.38% 26/64 40.63% 14/64 21.88%

Both 6/64 9.38% 3/64 4.69% 3/64 4.69%

None 9/64 14.06% 5/64 7.81% 16/64 25%

Type A residual kerf wall 
striae

Present 57/64 89.06% 64/64 100% 57/64 89.06%

Type B residual kerf wall 
striae

Present 38/64 59.38% 0/64 0% 0/64 0%

Tooth trough width Present 8/64 12.50% 5/64 7.81% 2/64 3.13%

Exit chipping Exit 19/64 29.69% 2/64 3.13% 25/64 39.06%

Entrance 0/64 0% 0/64 0% 0/64 0%

Both 43/64 67.19% 62/64 96.88% 38/64 59.38%

None 2/64 3.13% 0/64 0% 1/64 1.56%

Entrance shaving Entrance 32/64 50% 18/64 28.13% 12/64 18.75%

Exit 0/64 0% 4/64 6.25% 0/64 0%

Both 13/64 20.31% 30/64 46.88% 3/64 4.69%

None 19/64 29.69% 12/64 18.75% 49/64 76.56%
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striae were absent in both modalities, and entrance shaving (and 
side) showed no significant difference. Exit chipping side was also 
not significantly influenced.

Several features were comparable across micro-XCT and 3D 
prints; however, many complete cut scores and select false start fea-
tures showed significant differences, highlighting substantial vari-
ability between the modalities.

3.3.6  |  Micro-XCT versus 3D print measurements

False start measurements showed mixed outcomes (Table 13). MKW 
differed significantly between modalities, with micro-XCT values 
larger on average and a moderate effect size, indicating systematic 
measurement discrepancies. Tooth trough width (minimum and maxi-
mum) also differed significantly, with micro-XCT yielding consistently 
larger measurements and large effect sizes, highlighting practical dis-
crepancies. Exit chipping counts (entrance and exit) were significantly 
higher for micro-XCT, though effect sizes ranged from small to moder-
ate. Entrance shaving counts on the entrance side were also signifi-
cantly higher under micro-XCT, albeit with a small effect size, with no 
significant difference for the exit side. Bone islands, pull-out striae, and 
floor dip could not be robustly compared due to insufficient data.

For complete cuts, most measurements also differed signifi-
cantly between modalities. Type A residual kerf wall striae minimum 

values were significantly smaller under micro-XCT, with a small-
to-moderate effect size, whereas maximum values were not sig-
nificantly different, suggesting general consistency. Exit chipping 
counts (entrance and exit) were markedly higher for micro-XCT, with 
large effect sizes supporting strong practical differences. Entrance 
shaving counts on the entrance side were also significantly higher 
in micro-XCT, though with moderate effect size. Harmonics, type B 
residual kerf wall striae, and entrance shaving counts on the exit side 
could not be tested due to limited data, while tooth hop, pull-out 
striae, and tooth trough width on breakaway spurs were measurable 
only in micro-XCT, precluding comparison.

False start measurements such as MKW and tooth trough 
width, and complete cut measurements including type A resid-
ual kerf wall striae minimum, exit chipping, and entrance shaving, 
differed significantly between modalities, with micro-XCT gener-
ally yielding larger or higher counts. While some features showed 
limited practical differences, others demonstrated substantial di-
vergence, emphasizing important variability between the two mo-
dalities. Features with inadequate data remain inconclusive.

4  |  DISCUSSION

This study evaluated observer agreement and modality-related ef-
fects for 16 saw mark features produced by a six TPI ripsaw on human 

TA B L E  8  Chi-squared and Fisher's exact tests comparing false start and complete cut scores for features between stereomicroscope and 
micro-XCT.

Feature

False starts Complete cuts

χ2 χ2 p-value Fisher's p-value Feature χ2 χ2 p-value Fisher's p-value

MKW 0 1 – Harmonics 0 1 –

Blade drift 28.13 <0.001 – Tooth hop – – 0.01

Bone islands – – <0.001 Pull-out striae – – <0.001

Pull-out striae – – 0.18 Breakaway spur 33.04 <0.001 –

Floor dip 0 1 – Breakaway notch 29.96 <0.001 –

Kerf floor striae ∞ – – Type A residual kerf wall 
striae

39.06 <0.001 –

Kerf floor striae type – – – Type B residual kerf wall 
striae

2.25 0.13 –

Kerf flare entrance – – 0.20 Tooth trough width – – <0.001

Kerf flare exit – – 1 Exit chipping 56.25 <0.001 –

Kerf wall shape 0 1 – Exit chipping side – – 0.09

Kerf wall shape type 28.13 <0.001 – Entrance shaving – – <0.001

Kerf floor shape 0 1 – Entrance shaving side – – <0.001

Kerf floor shape type – – <0.001

Tooth trough width – – 1

Exit chipping 0 1 –

Exit chipping side – – 0.09

Entrance shaving 24.50 <0.001 –

Entrance shaving side – – 1

Note: Bold p-values: statistical significance. Dashed lines: no available statistics. χ2: Chi-squared statistic.
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femora, assessed using stereomicroscopy, micro-XCT, and 3D printed 
bone models. Although limited to a single saw type, the findings pro-
vide an important foundation for understanding which features can 
be reliably observed, scored, and measured, and which remain prob-
lematic due to observer subjectivity or technical constraints. Taken 
together, the results demonstrate that observer agreement and fea-
ture visibility are strongly influenced by feature definition, measure-
ment strategy, and modality-specific limitations, reinforcing the need 

for standardized definitions, measurement protocols, and modality-
specific considerations in forensic saw mark analysis.

MKW emerged as one of the most repeatable features, show-
ing consistently high intra- and inter-observer agreement across all 
three modalities. However, subtle but meaningful differences were 
observed between observers and modalities, reflecting the influ-
ence of measurement strategy. Under stereomicroscopy, MKW 
was identified visually at the cortical surface, whereas micro-XCT 

TA B L E  9  Paired Student's t-tests and Wilcoxon signed-rank tests comparing false start and complete cut measurements for features 
between stereomicroscope and micro-XCT.

Feature

False starts

Paired Student's t-test Wilcoxon signed-rank test

p-value CI lower CI upper SD M Cohen's d p-value MOD r

MKW 0.10 −0.01 0.10 0.16 0.05 0.30 – – –

Bone islands – – – – – – – – –

Pull-out striae minimum – – – – – – – – –

Pull-out striae maximum – – – – – – – – –

Floor dip trough-to-trough – – – – – – – – –

Floor dip peak-to-peak – – – – – – – – –

Tooth trough width minimum <0.001 −0.10 −0.05 0.07 −0.07 −1.06 – – –

Tooth trough width maximum <0.001 −0.14 −0.09 0.07 −0.11 −1.68 – – –

Exit chipping count exit side – – – – – – 0.46 0 0.15

Exit chipping count entrance side – – – – – – 0.02 2 0.21

Entrance shaving count entrance 
side

– – – – – – <0.001 1 0.22

Entrance shaving count exit side – – – – – – <0.001 1 0.20

Complete 
cuts

Harmonics trough-to-trough – – – – – – – – –

Harmonics peak-to-peak – – – – – – – – –

Tooth hop – – – – – – 0.13 −0.24 0.91

Pull-out striae minimum – – – – – – 0.18 −0.45 0.93

Pull-out striae maximum – – – – – – 1 −0.06 0

Type A residual kerf wall striae 
minimum

0.97 −0.25 0.24 0.92 0.00 −0.01 – – –

Type A residual kerf wall striae 
maximum

0.01 −0.67 −0.11 1.07 −0.39 −0.37 – – –

Type B residual kerf wall striae 
minimum

– – – – – – – – –

Type B residual kerf wall striae 
maximum

– – – – – – – – –

Tooth trough width minimum – – – – – – – – –

Tooth trough width maximum – – – – – – – – –

Exit chipping count exit side – – – – – – <0.001 −3 0.66

Exit chipping count entrance side – – – – – – <0.001 −3 0.76

Entrance shaving count entrance 
side

– – – – – – 0.14 1 0.17

Entrance shaving count exit side – – – – – – <0.001 0 0.78

Note: Bold p-values: statistical significance. Dashed lines: no available statistics.
Abbreviations: CI, confidence interval; M, mean; MOD, median of differences; r, effect size; SD, standard deviation.
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measurements captured the narrowest point within the kerf, effec-
tively functioning as an internal caliper measurement. These meth-
odological differences likely account for small discrepancies and 
underscore the importance of standardized measurement ap-
proaches. As recommended by VanBaarle and Garvin [11], taking 
multiple measurements along the kerf and selecting the minimum 
value may improve both accuracy and reproducibility, particularly in 
forensic contexts where methodological transparency and repeat-
ability are essential for admissibility.

Kerf wall shape and kerf floor shape also demonstrated high 
observer agreement, particularly for intra-observer assessments. 
These features benefit from relatively clear morphological bound-
aries and categorical definitions, reducing subjective interpretation. 
However, variability increased in 3D printed models, where subtle 
transitions were often lost during segmentation, mesh repair, and 
printing. Inter-observer agreement also decreased in some in-
stances, especially when assessed on 3D printed models, where 
subtle morphological transitions were more difficult to visualize. 
Despite this limitation, the consistency observed across stereomi-
croscopy and micro-XCT suggests that these features remain robust 
indicators when appropriate modalities are used. The reproducibility 
of these traits across modalities is encouraging, as these features are 
frequently relied upon in tool mark analysis.

In contrast, residual kerf wall striae (types A and B) consistently 
exhibited poor observer agreement and high error rates. This finding 

aligns with previous research demonstrating the inherent variability 
of intra-kerf striae, both within and between cuts [41]. These chal-
lenges are compounded by modality limitations, particularly the in-
ability of micro-XCT, at the resolution used in this study, to reliably 
capture fine striae and the loss of surface texture during 3D model 
conversion and printing. Variability in striae expression, coupled with 
ambiguity in selecting representative measurement locations, makes 
standardization challenging. Differences in observer interpretation 
of striae prominence and continuity further contribute to low inter-
observer agreement. Without substantial refinement of definitions 
or digitally assisted measurement protocols, residual kerf wall striae 
should be interpreted with caution.

Other features, including bone islands, tooth trough width, exit 
chipping, breakaway spurs, and breakaway notches, were generally 
recognizable across modalities, though inter-observer measure-
ment error frequently exceeded intra-observer error. This pattern 
indicates that while these features are identifiable, their boundar-
ies are often indistinct, leading to measurement variability. Tooth 
trough width measurements on breakaway spurs, for example, 
showed improved agreement under micro-XCT, likely due to en-
hanced visualization of kerf floor morphology and fracture bound-
aries. By contrast, stereomicroscope and 3D print assessments 
were more susceptible to variability, illustrating how modality 
resolution and visualization techniques directly influence observer 
agreement.

TA B L E  1 0  Chi-squared and Fisher's exact tests comparing false start and complete cut scores for features between stereomicroscope 
and 3D prints.

Feature

False starts Complete cuts

χ2 χ2 p-value Fisher's p-value Feature χ2 χ2 p-value Fisher's p-value

MKW 0 1 1 Harmonics 0 1 1

Blade drift – – 1 Tooth hop 22.56 <0.001 –

Bone islands – – 0.03 Pull-out striae – – 0.01

Pull-out striae 24.5 <0.001 – Breakaway spur 35.99 <0.001 –

Floor dip 0 1 1 Breakaway notch 21.16 <0.001 –

Kerf floor striae – – – Type A residual kerf wall 
striae

– – 0.57

Kerf floor striae type – – – Type B residual kerf wall 
striae

2.25 0.13 –

Kerf flare entrance – – 0.67 Tooth trough width – – 0.01

Kerf flare exit – – 1 Exit chipping – – 1

Kerf wall shape 0 1 1 Exit chipping side – – <0.001

Kerf wall shape type – – 1 Entrance shaving – – 0.20

Kerf floor shape 0 1 1 Entrance shaving side – – 0.35

Kerf floor shape type – – 0.41

Tooth trough width – – 1

Exit chipping 10.13 0.001 –

Exit chipping side – – 1

Entrance shaving 0.13 0.72 –

Entrance shaving side – – 0.18

Note: Bold p-values: statistical significance. Dashed lines: no available statistics. χ2: Chi-squared statistic.
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Several features demonstrated only moderate agreement, in-
cluding kerf flare and pull-out striae. Pull-out striae were infre-
quently observed, consistent with previous studies [20, 21], and 
their sporadic occurrence suggests that lateral blade movement 
during withdrawal, rather than blade wear, may be a primary con-
tributing factor. Kerf flare inconsistency likely reflects the absence 
of precise scoring criteria, as the feature's appearance can be subtle 
and dependent on viewing angle and illumination. Reduced visibility 
from stereomicroscopy to micro-XCT and 3D printing further high-
lights modality-dependent detection limits.

Entrance shaving and exit chipping were consistently identified 
but difficult to assign reliably to entrance, exit, or both sides of the 
kerf. Analysis under the micro-XCT modality captured these features 
more frequently than stereomicroscopy, particularly exit chipping, 
likely due to its superior ability to visualize fracture morphology and 
spalling. However, as reported previously [21], neither feature pro-
vided a reliable indicator of cutting direction, emphasizing the need 
for caution when interpreting these traits in forensic contexts.

Observer subjectivity was especially evident in features such as 
blade drift, floor dip, and harmonics. While intra-observer agreement 

TA B L E  11  Paired Student's t-tests and Wilcoxon signed-rank tests comparing false start and complete cut measurements for features 
between stereomicroscope and 3D prints.

Feature

False starts

Paired Student's t-test Wilcoxon signed-rank test

p-value CI lower CI upper SD M Cohen's d p-value MOD r

MKW <0.001 0.06 0.15 0.13 0.11 0.80 – – –

Bone islands – – – – – – 0.25 −0.17 0.93

Pull-out striae minimum – – – – – – – – –

Pull-out striae maximum – – – – – – – – –

Floor dip trough-to-trough – – – – – – – – –

Floor dip peak-to-peak – – – – – – – – –

Tooth trough width minimum 0.51 −0.03 0.07 0.11 0.02 0.15 – – –

Tooth trough width maximum 0.51 −0.02 0.05 0.08 0.01 0.15 – – –

Exit chipping count exit side – – – – – – <0.001 3 0.58

Exit chipping count entrance side – – – – – – <0.001 4 0.62

Entrance shaving count entrance side – – – – – – <0.001 3 0.53

Entrance shaving count exit side – – – – – – 0.24 1 0.11

Complete cuts

Harmonics trough-to-trough – – – – – – – – –

Harmonics peak-to-peak – – – – – – – – –

Tooth hop – – – – – – – – –

Pull-out striae minimum – – – – – – – – –

Pull-out striae maximum – – – – – – – – –

Type A residual kerf wall striae 
minimum

0.02 −0.63 −0.05 1.03 −0.34 −0.33 – – –

Type A residual kerf wall striae 
maximum

0.13 −0.56 0.07 1.13 −0.25 −0.22 – – –

Type B residual kerf wall striae 
minimum

– – – – – – – – –

Type B residual kerf wall striae 
maximum

– – – – – – – – –

Tooth trough width minimum – – – – – – – – –

Tooth trough width maximum – – – – – – – – –

Exit chipping count exit side – – – – – – <0.001 2 0.34

Exit chipping count entrance side – – – – – – 0.04 0 0.30

Entrance shaving count entrance side – – – – – – 0.001 4 0.09

Entrance shaving count exit side – – – – – – 1 0 0.78

Note: Bold p-values: statistical significance. Dashed lines: no available statistics.
Abbreviations: CI, confidence interval; M, mean; MOD, median of differences; r, effect size; SD, standard deviation.
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was often good to excellent, inter-observer agreement ranged from 
moderate to poor, suggesting that individual observers applied internally 
consistent but divergent interpretation thresholds. In forensic practice, 
such discrepancies highlight the risk of over- or under-interpreting fea-
tures, particularly when they are rare, faint, or easily confused. Tooth 
hop is a good example: although the few measurable cases suggested 
high observer agreement, the rarity of its occurrence meant the overall 
agreement was uncertain and results must be interpreted with caution.

Each analytical modality contributed distinct strengths and lim-
itations. Stereomicroscopy remains the benchmark for saw mark 
analysis, offering high-resolution visualization of surface features, 
including kerf floor striae and fine residual kerf wall striae [13, 14, 
24]. The micro-XCT modality provided a non-destructive, 3D visu-
alization of kerf morphology, excelling in the assessment of macro-
scopic fracture-related features such as breakaway spurs, notches, 
and exit chipping. However, the resolution used in this study (24-
32 μm) was insufficient to reliably capture finer striae, illustrating 
the trade-off between resolution, scan time, specimen size, and 
model processing [42]. Targeted high-resolution scans of specific 
kerf regions may offer a practical compromise for future research.

The 3D printed models offered tangible, manipulable replicas of 
bone cuts, which proved valuable for teaching, training, and court-
room demonstration [15, 16]. Larger, well-defined features such 
as MKW and kerf wall shape were consistently identifiable, sup-
porting the use of 3D prints as complementary tools. Nevertheless, 

finer and measurable features, including kerf floor striae, pull-out 
striae, and tooth hop, were poorly reproduced, consistent with 
prior findings that features smaller than approximately 3 mm are 
inadequately captured through current printing workflows [15]. 
Quantitative discrepancies, particularly for MKW, further limit the 
suitability of 3D prints for precise measurement, reinforcing their 
role as explanatory rather than primary analytical tools.

Several methodological limitations should be acknowledged. The 
use of a single saw limits generalization across saw classes and tooth 
configurations, although it provided a controlled framework for as-
sessing observer agreement and modality effects. Maceration pro-
tocols may influence surface preservation, and future studies should 
consider enzymatic detergents in combination with simmering to 
improve cleaning while minimizing damage [43]. Advances in micro-
XCT resolution, segmentation workflows, and 3D printing technol-
ogy are likely to improve feature visibility and measurement fidelity. 
Larger-scale prints may further enhance the value of 3D models for 
educational and courtroom applications, even if one-to-one replicas 
remain unsuitable for quantitative forensic analysis.

Future research should expand analyses to include multiple saw 
types, tooth configurations, and kerf depths to better understand how 
feature expressions vary across cutting conditions. Integrating quan-
titative classification methods, such as decision trees and random 
forest models, may further strengthen the objectivity of saw class 
estimation and reduce reliance on subjective feature interpretation.

TA B L E  1 2  Chi-squared and Fisher's exact tests comparing false start and complete cut scores for features between micro-XCT and 3D 
prints.

Feature

False starts Complete cuts

χ2 χ2 p-value Fisher's p-value Feature χ2 χ2 p-value Fisher's p-value

MKW 0 1 1 Harmonics 0 1 1

Blade drift 28.13 <0.001 – Tooth hop 33.06 <0.001 –

Bone islands – – 0.001 Pull-out striae – – 0.001

Pull-out striae 21.13 <0.001 – Breakaway spur 35.99 <0.001 –

Floor dip 0 1 1 Breakaway notch 14.93 <0.001 –

Kerf floor striae 0 1 1 Type A residual kerf wall 
striae

39.06 <0.001 –

Kerf floor striae type – – – Type B residual kerf wall 
striae

0 1 1

Kerf flare entrance 2.64 0.10 – Tooth trough width – – 0.005

Kerf flare exit – – 0.66 Exit chipping 60.06 <0.001 –

Kerf wall shape 0 1 1 Exit chipping side – – 0.18

Kerf wall shape type 28.13 <0.001 – Entrance shaving – – 1

Kerf floor shape 0 1 1 Entrance shaving side – – 0.21

Kerf floor shape type – – 0.02

Tooth trough width – – 0.31

Exit chipping 10.13 0.001 –

Exit chipping side – – 0.81

Entrance shaving – – 1

Entrance shaving side – – 0.81

Note: Bold p-values: statistical significance. Dashed lines: no available statistics. χ2: Chi-squared statistic.



20  |    de WET et al.

Based on observed intra- and inter-observer agreement, sev-
eral recommendations can be made. Residual kerf wall striae 
(types A and B) and kerf flare showed consistently low agreement 
and are not recommended as standalone diagnostic features and 
should rather just be scored as kerf wall striae to indicate direction 
of blade stroke. Pull-out striae, entrance shaving, floor dip, and 
harmonics showed high intra- but low inter-observer agreement 
and should be restricted to research or specialist contexts unless 
clearer definitions and standardized training are implemented. 

Blade drift should be interpreted only in conjunction with kerf 
wall shape. The remaining features demonstrated good to excel-
lent agreement for the saw class tested and are appropriate for 
forensic use, keeping limitations in mind; though validation across 
additional saw types, tooth configurations, and observer experi-
ence levels is required.

It is also important to contextualize the relative forensic value 
of these characteristics. Features such as MKW, kerf wall and floor 
shape, kerf floor striae, floor dip, tooth trough width, and tooth hop 

TA B L E  1 3  Paired Student's t-tests and Wilcoxon signed-rank tests comparing false start and complete cut measurements for features 
between micro-XCT and 3D prints.

Feature

False starts

Paired Student's t-test Wilcoxon signed-rank test

p-value CI lower CI upper SD M Cohen's d p-value MOD r

MKW 0.03 0.01 0.11 0.14 0.06 0.42 – – –

Bone islands – – – – – – 0.13 −0.14 0.91

Pull-out striae minimum – – – – – – – – –

Pull-out striae maximum – – – – – – – – –

Floor dip trough-to-trough – – – – – – – – –

Floor dip peak-to-peak – – – – – – – – –

Tooth trough width minimum <0.001 0.04 0.13 0.09 0.08 0.92 – – –

Tooth trough width maximum <0.001 0.09 0.15 0.07 0.12 1.73 – – –

Exit chipping count exit side – – – – – – <0.001 3 0.23

Exit chipping count entrance side – – – – – – <0.001 2 0.45

Entrance shaving count entrance side – – – – – – 0.01 1 0.18

Entrance shaving count exit side – – – – – – 0.40 0 0.53

Complete 
cuts

Harmonics trough-to-trough – – – – – – – – –

Harmonics peak-to-peak – – – – – – – – –

Tooth hop – – – – – – – – –

Pull-out striae minimum – – – – – – – – –

Pull-out striae maximum – – – – – – – – –

Type A residual kerf wall striae 
minimum

0.004 −0.61 −0.12 0.92 −0.37 −0.40 – – –

Type A residual kerf wall striae A 
maximum

1 −0.10 0.37 0.90 0.14 0.15 – – –

Type B residual kerf wall striae 
minimum

– – – – – – – – –

Type B residual kerf wall striae 
maximum

– – – – – – – – –

Tooth trough width minimum – – – – – – – – –

Tooth trough width maximum – – – – – – – – –

Exit chipping count exit side – – – – – – <0.001 6 0.76

Exit chipping count entrance side – – – – – – <0.001 3 0.43

Entrance shaving count entrance side – – – – – – 0.001 5 0.33

Entrance shaving count exit side – – – – – – – – –

Note: Bold p-values: statistical significance. Dashed lines: no available statistics.
Abbreviations: CI, confidence interval; M, mean; MOD, median of differences; r, effect size; SD, standard deviation.
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are critical for inferring saw type and blade characteristics, mak-
ing them central to tool identification in dismemberment cases. 
Complimentary features, like breakaway spurs and notches, exit 
chipping, entrance shaving, and kerf wall striae provide information 
on direction and progress of the saw, indicating how the tool was 
used. By contrast, features such as bone islands, blade drift, kerf 
flare, or harmonics provide limited or inconsistent information about 
tool use and therefore have less evidentiary value. Documenting 
observer agreement alongside forensic relevance helps distinguish 
which traits should be prioritized in casework and which should be 
treated as supplementary or excluded altogether.

5  |  CONCLUSION

This study evaluated observer agreement for 16 saw mark features 
produced by a six TPI ripsaw on human femora using stereomicros-
copy, micro-XCT, and 3D printed models. The results demonstrate 
that observer agreement is strongly feature-dependent and influ-
enced by both modality-specific limitations and subjective interpre-
tation. Features with clear morphological boundaries and objective 
measurement criteria, such as MKW, kerf wall shape, kerf floor 
shape, and exit chipping, showed the highest and most consistent 
agreement across observers and modalities. In contrast, features 
with ambiguous definitions or subtle expression were associated 
with lower reproducibility and higher error rates.

Residual kerf wall striae and kerf flare consistently exhibited 
poor intra- and inter-observer agreement and should not be used as 
standalone diagnostic features in forensic casework. Pull-out striae, 
entrance shaving, floor dip, and harmonics demonstrated good intra-
observer but weak inter-observer agreement, indicating that these 
traits should be restricted to research or specialist applications un-
less supported by explicit scoring criteria, rater training, or corrobo-
rating imaging. Blade drift should be interpreted only in conjunction 
with kerf wall shape, while the remaining features are appropriate 
for routine scoring for the tested saw class and tooth size, pending 
validation across additional saw types and larger rater samples.

Modality comparisons highlight that stereomicroscopy remains 
the benchmark for high-resolution assessment of surface features, 
while micro-XCT offers a valuable non-destructive complement for 
visualizing internal kerf morphology and fracture-related traits. 3D 
printed models, although limited in reproducing fine-scale features 
and precise measurements, provide practical value for education, 
training, and courtroom communication. These findings emphasize 
that modalities should not be treated interchangeably and that fea-
ture scoring protocols must be modality-specific.

Overall, observer agreement must be a prerequisite for forensic 
admissibility. The development of standardized feature definitions, 
reference images, and measurement protocols is essential to reduce 
subjectivity and improve reproducibility. Features that cannot be 
consistently scored across observers and modalities should be ex-
cluded from forensic interpretation. By integrating observer agree-
ment testing with modality-aware protocols and broader validation 

across saw types, saw mark analysis can progress toward a more ro-
bust, reliable, and legally defensible forensic discipline.
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