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a b s t r a c t   

Evaluation of cartridge cases is essential within forensic ballistic analysis and is used in an attempt to 
establish a connection to the weapon used to fire it. This study consists of two experiments. The aims of 
Experiment 1 were to establish whether micro-CT is appropriate and repeatable for ballistic cartridge case 
analysis and if measurements can be extracted repeatably and reliably. Experiment 2 aimed to compare 
cartridge cases from two weapons to establish the magnitude of variation within and between weapons. A 
total of 48 cartridge cases fired by two distinct weapons were collected and micro-CT scanned to a high 
resolution. One randomly selected cartridge was scanned ten times under the same conditions to ensure 
repeatability of the scanning conditions in Experiment 1. Three novel measurements to quantitatively assess 
the firing pin impressions were proposed in Experiment 1 and comparatively analysed from two weapons in 
Experiment 2. Experiment 1 showed that micro-CT is an effective and highly repeatable and reliable 
method for 3-dimensional imaging and measurement of ballistic cartridge cases. Furthermore, high 
agreement for inter-rater reliability was found between five raters. Quantitative micro-CT analysis of the 
firing pin impression measurements in Experiment 2 showed a significant difference between the two 
studied weapons using Welch’s t-test (p  <  0.01). This study shows the advantage and reliability of utilising 
micro-CT for firing pin impression analysis. Quantitation of the firing pin impression allows distinction 
between the weapons studied. With expansion to further weapons, application of this methodology could 
complement current analysis techniques through classification models. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_4.0   

1. Introduction 

In forensic casework, ballistic identification is an essential tool in 
the investigative process. Cartridge cases are one of the most im
portant pieces of ballistic evidence due to the likelihood of retrieving 
these from a crime scene [1]. Typically, analysis techniques are based 
on the specific impressions left by a weapon on cartridge cases on 
loading, discharge, and ejection [2]. Analysis of ballistic cartridge cases 
is a well-established forensic practice and predominantly focuses on 
the comparison between suspect and test-fired cartridge cases [3,4]. 
Focus remains on breech face striations and firing pin morphology, 
and typically relies on network systems such as the National Ballistics 
Intelligence Service (NABIS) in the UK, the National Integrated Ballistic 
Information Network (NIBIN) in the USA, the INTERPOL Ballistic In
formation Network (IBIN), and other national scale organizations [2]. 
These systems rely on Integrated Ballistic Identification System IBIS®  
[2,5]. IBIS correlates and compares images with a suspect cartridge 

case image to provide possible matches from previous crimes and/or 
test-fired firearms [5,6]. 

When a cartridge case is struck by a firearm’s firing pin, the 
primer is ignited which initiates the firing of the projectile, and an 
impression is left on the primer cup – this impression is re
presentative of the weapon fired [1,7]. Firing pin impressions are 
indicative of the firearm model used and individualistic deviations to 
the firing pin of a weapon could enable more unique identification in 
analysis. Firing pin depth has been shown to be altered based on 
direction of the weapon when fired [8]. While both IBIS and aca
demic research has evaluated firing pin impressions, these have fo
cussed on microscopy techniques which are both limited to 
capturing surface detail and are dependent on the illumination 
strategy [8,9]. Previously proposed techniques evaluated im
pressions in relation to the breech face surface and cannot consider 
internal features. Consequently, analysis methods based on data 
from 2D or 3D imaging have only been able to consider surface to
pography [10,11]. Micro-CT however allows for both 3-dimensional 
surface analysis and examination of the internal cartridge case’s 
features as well. 

Micro-CT has been employed in many forensic fields for over a 
decade and has been utilised in sharp force trauma analysis [12,13], 
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dismemberment investigation [14–17], forensic anthropology  
[18–20], strangulations [21–23], bloodstains [24,25], and others [26]. 
Furthermore, other areas of forensic ballistics have used micro-CT to 
visualise and characterise bullet jacket thickness [27,28], gunshot 
residue (GSR) [29,30] and gunshot wounds (GSW) [31,32]. A recent 
study [33] suggested there is still limited literature on this topic and 
further validation studies are necessary. However, micro-CT for 
cartridge case comparison has yet to be studied. By taking thousands 
of radiographs through 360 degrees rotation of the object, micro-CT 
produces 3-dimensional digital volumes representing the cartridge 
case including its internal structures. Precise quantitative measure
ments of external and internal cartridge case structures can then be 
taken from micro-CT scans. For forensic ballistic analysis, this sug
gests that micro-CT could reveal and allow measurement of addi
tional features not possible through traditional techniques, 
ultimately allowing for more precise identification of the firing 
weapon. 

The focus of this research was to analyse ballistic cartridge cases 
using micro-CT imaging to repeatably produce 3-dimensional digital 
models and to define measurements that quantitatively assess firing 
pin impressions. The first experiment aimed to establish whether 
micro-CT is an appropriate imaging technique for ballistic cartridge 
case analysis and whether cartridge cases can be repeatably and 
reliably measured quantitatively from micro-CT data. The second 
experiment sought to determine whether measurements of firing 
pin impressions, taken from micro-CT, statistically differ between 
the two weapons used in this study. 

2. Materials and methods 

2.1. Materials 

Two weapons were chosen as an initial study into repeatability 
and firing pin quantification using micro-CT. To represent casework 
more realistically, 9 mm Luger cartridges were utilised in this study 
fired horizontally two handguns [34]. 

2.1.1. Experiment 1 – method validation 
Experiment 1 involved the micro-CT scanning of one randomly 

selected cartridge case (R1) fired from a single weapon, Steyr M9. 

2.1.2. Experiment 2 – variability assessment 
Experiment 2 utilised 24 consecutively fired cartridge cases from 

two distinct weapons, Steyr M9 and Beretta 92FS. Cartridge cases 
were collected following firing and micro-CT scanned as below. 

2.2. Methods 

2.2.1. Micro-CT scanning 
Cartridge cases were scanned at a 5 µm voxel resolution on a 

Zeiss Xradia 520 Versa (Fig. 1) with the optimum scanning settings 
(140 kV, 10 W, 20 s exposure, 1601 projections and HE5 filter). The 
resolution achieved was the best possible based on the diameter of 
the samples and the size of the x-ray detector. To improve efficiency 
of the scanning procedure, a 3D printed custom apparatus was 
created to hold five cartridge cases to allow batch scanning (Fig. 1). A 
calibrated work-piece was included before and after each batch scan 
to allow voxel rescaling which improves measurement accuracy  
[35,36]. The work-piece was calibrated using a coordinate measuring 
machine (CMM) with a resolution of 0.01 µm. Scans were re
constructed using Zeiss’ proprietary software and then exported to 
VGStudio MAX 2.2 (VolumeGraphics, Heidelberg, Germany) for 
analysis. Surface determination, i.e. isolating the metal casing from 
surrounding air, was established through the automatic ISO 50 
thresholding in VGStudio MAX. 

2.3. Measurements 

2.3.1. Experiment 1 – method validation 
Firstly, to assess the accuracy and precision of measurements 

using the micro-CT procedure, the calibrated work-piece (included 
in each batch scan) was scanned 8 times, measured, and compared 
against the known measurement distance from the CMM. The ac
curacy is represented by the % error of measurements when com
pared to the established measurement from the CMM, and the 
precision is represented by the RSD of the measurements across the 
8 micro-CT scans. 

Secondly, five different measurements were taken from each 
repeated scan of the single cartridge casing; these are defined in  
Table 1 and Fig. 2. These measurements were chosen as they are 
common to all cartridge cases and relate to the mechanics of the 
firing pin impacting the cartridge. Note that the nadir point was 
defined as the deepest point of the firing pin impression and relates 
to two measurement taken. Firstly, all measures were taken by a 
single operator on each of the ten scans to establish repeatability of 
the whole cartridge case micro-CT scanning procedure. After this, to 
assess inter-rater reliability of the micro-CT measurements defined 
above, five raters, each with a range of experience using 3D software, 
measured four features on the ten scans. 

2.3.2. Experiment 2 – variability assessment 
To metrologically assess the uniqueness of the firing pin im

pressions of the cartridge, the ‘Firing Pin Sphere Radius’, ‘Nadir 
Height’, and ‘Nadir Offset’ measurements validated in Experiment 1 
(see Table 1 and Fig. 2) were collected from a total of 48 ballistic 
cartridge cases fired consecutively by the two distinct weapons; a 
Steyr M9 and Beretta 92FS. Cartridge cases were collected following 
firing and micro-CT scanned using the same method described in 
Experiment 1. Comparison between the fired cartridges from the two 
weapons was performed using Welch’s t-test using MATLAB 
(MathWorks, Inc., MA, USA). 

3. Results and discussion 

3.1. Experiment 1 – method validation 

The accuracy and precision of micro-CT measurements in this 
procedure were found to be <0.4% and 0.01% respectively, as shown 
in Table 2. 

Micro-CT was found to be a suitable 3D imaging technique for the 
examination of cartridge cases enabling visualisation of internal 
structures with a resolution of 5 µm (examples shown in Fig. 3). 

The inter-rater reliability of the measurements defined in this 
study was quantified using Intraclass Correlation Coefficient (ICC) 
which revealed high levels of agreement between the five raters 
(ICC  >  0.99) as evident in Table 3 [37–39]. Finally, the micro-CT 
scanning, processing and measurement process was found to be 
repeatable with measurements across the ten repeated scans 
showing a low relative standard deviations (RSD) of less than 2% 
(Table 4). 

Overall, this suggests that utilising quantitative data from micro- 
CT scans of ballistic cartridge cases is a repeatable and reliable 
method. Scanning of one cartridge case on ten separate occasions 
ensured the scanning procedure enables repeatability. An accuracy 
of <0.4% and precision of 0.01% show high reliability of the micro-CT 
methodology. High agreement between raters with a range of ex
perience also shows the reliability and low subjectivity of the 
methodology. Micro-CT allows for internal visualisation and quan
titation, impossible just using surface topography. Nevertheless, the 
long scan times and data processing would be a limitation for ana
lysis within forensic casework. However, this potential limitation 
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will naturally be reduced as micro-CT technology continues to 
evolve and scan times are optimised. 

3.2. Experiment 2 – variability assessment 

In Experiment 1 a highly repeatable method was validated for 
quantifying cartridge case fire pin impressions from micro-CT data. 
The repeatability of the measurements across ten repeated scans 
was high (RSD < 2%) as well as the inter-rater repeatability 
(ICC > 0.99) Although these variances were low, the magnitude of 
these relative to variances across different cartridge cases (from the 
same weapon) and different weapons were not yet known. To ad
dress this, this experiment compared the within and between var
iance of 48 cartridge cases fired by two different weapons. This was 
to provide an insight into the level of variability both between car
tridges from the same weapon and between different weapons. 

The defined firing pin measurement results are given in Table 5 
and also represented in Fig. 4. As the data approximated a normal 
distribution and had heteroscedasticity, three Welch’s unequal var
iance t-tests were used to assess the difference between the two 
weapons for each of the three measurements. Significant differences 
between each weapon were found for: Firing Pin Sphere Radius, t 
(23) = 21.5, p  <  0.001; Nadir Height, t (23) = 14.4, p  <  0.001; and 
Nadir Offset, t (23) = 24.7, p  <  0.001. The within weapon variation of 
the firing pin measurements is indicated by the 3 SD spread in  
Table 5 and Fig. 4. 

Overall, the variability between firing pin measurements fired by 
different weapons could enable differentiation between fired 
weapons. The discriminatory power of these measurements for  

Fig. 1. Internal set up of the Zeiss Xradia 520 Versa Micro-CT showing the x-ray source [left], cartridge cases mounted into the 3D printed apparatus for batch scanning [middle] 
and x-ray detector [right]. 

Table 1 
Description of each measurement utilised to establish repeatability of the micro-CT scanning procedure.    

Measurement Name Description  

Rim Cylinder Radius of a best fit cylinder applied to the external surface of the cartridge rim 
Under the Rim Cylinder Radius of a best fit cylinder applied to the external surface of the area under the cartridge rim 
Firing Pin Sphere Radius Radius of a best fit sphere applied to the firing pin impression 
Nadir Height Single axis distance between the lower surface of the cartridge rim and the Nadir pointa 

Nadir Offset Single plane distance between the central axis of the cartridge and the Nadir pointa  

a Nadir point is defined as the deepest point of the firing pin impression.  

Fig. 2. Diagram showing the firing pin sphere radius, Nadir point, Nadir height, Nadir 
offset, rim cylinder, and under the rim cylinder measurements used in Experiment 1 
and Experiment 2. 
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weapon prediction is likely to be increased with multivariate sta
tistical methods on a larger database of weapons; Fig. 5 shows the 
discrimination of the three measurements combined in a 3D scatter 
plot and suggests the between weapon variation of the combined 
measurements may enable weapon prediction with a larger experi
mental database. 

4. General discussion 

In any forensic analysis, the ultimate goal lies in determining 
crime information from forensic evidence. Despite public perception 
to the contrary, so-called forensic ‘matches’ are not commonplace. 
With forensic disciples under scrutiny to ensure any subjectivity is 
kept to a minimum [40–43], employing robust, repeatable analysis 
procedures is essential. Validating novel methods is a necessary step 
towards advancing forensic analysis techniques [16]. 

The field of forensic ballistics is an integral area of analysis within 
casework. Firing- pin impressions on ballistic cartridges are formed 
when a weapon’s firing pin strikes the primer leaving a re
presentative indent in the metal casing. These impressions are 
frequently evaluated in relevant cases using both 2-dimensional and 
3-dimensional methods [6,8,9]. Despite micro-CT application to 
many areas of forensic science [14,18,21–24,26,30–32], as a tech
nique for ballistic cartridge analysis this has yet to be employed. 

Micro-CT has previously been shown to be a useful tool in the 
analysis of bullet jacket dimensions for a non-destructive measure
ment technique [27]. The method demonstrated in the current study 
shows a further application of micro-CT for forensic ballistic analysis 
using quantitative firing pin assessment. The ability to view internal 
structures and fully visualise the 3-dimensional structure of ballistic 
cartridges using micro-CT, without lighting issues often encountered 
with traditional microscopy [8], is currently unparalleled. Due to this 
internal visualisation of ballistic cartridges afforded by micro-CT, 
metrological assessment is also possible. Scans of ballistic cartridge 
cases in this study highlights the applicability of micro-CT as a 
complementary technique within forensic ballistic analysis. An 
achievable resolution of 5 µm (depending on detector size and car
tridge calibre) indicates a high-resolution technique capable of ac
curately visualising impression details of cartridges. 

Firing pin impression analysis has long been implemented in 
forensic ballistic analysis, as it is known these features are re
presentative of the weapon fired [1,44]. This study proposes Firing 

Table 2 
Measurement data of the calibrated work-piece: the exact measurement from CMM, the micro-CT measurements  ±  3 SD, the % error, and RSD.        

Exact Measurement (mm) Micro-CT Measurement (mm) % Error RSD  

Work-piece 3.9836 3.998  ±  0.0013 0.37% 0.01% 

Fig. 3. 3D images of the achievable high resolution micro-CT scans of a ballistic 
cartridge case; a) top-down view of the visualised digital model, b) 3-dimensional 
clipped view, and c) 2-dimensional cross-section through the centre of a car
tridge case. 

Table 3 
Measurement data from the inter-rater study showing mean  ±  3 SD across the 10 
repeated scans in Experiment 1.       

Rater Firing Pin 
Sphere 
Radius (mm) 

Under the Rim 
Cylinder (mm) 

Nadir 
Height (mm) 

Nadir 
Offset (mm)  

1 1.03  ±  0.05 4.31  ±  0.00 0.58  ±  0.03 0.46  ±  0.06 
2 1.01  ±  0.03 4.31  ±  0.00 0.57  ±  0.03 0.46  ±  0.05 
3 1.03  ±  0.01 4.31  ±  0.01 0.57  ±  0.04 0.46  ±  0.04 
4 1.02  ±  0.03 4.31  ±  0.00 0.58  ±  0.05 0.48  ±  0.04 
5 1.03  ±  0.02 4.31  ±  0.00 0.59  ±  0.02 0.46  ±  0.04 

Table 4 
Repeatability measurements indicating mean, standard deviation (SD) and relative 
standard deviation (RSD) of each.      

Measurement Mean (mm) SD (mm) RSD  

Firing Pin Sphere Radius  1.03  0.00  <0.5% 
Rim Cylinder  4.93  0.00  <0.1% 
Under the Rim Cylinder  4.31  0.00  <0.1% 
Nadir Height  0.57  0.01  <1% 
Nadir Offset  0.48  0.01 <2% 

Table 5 
Firing pin impression measurement results showing the mean  ±  3 SD and t-test re
sults for each measurement.      

Weapon 
Model 

Firing Pin Sphere 
Radius (mm) 

Nadir 
Height (mm) 

Nadir 
Offset (mm)  

Steyr M9 1.04  ±  0.09 0.59  ±  0.19 0.44  ±  0.17 
Beretta 92FS 0.75  ±  0.17 0.94  ±  0.29 0.09  ±  0.11 

Fig. 4. Mean  ±  3SDs (mm) Firing Pin Sphere Radius, Nadir Height and Nadir Offset, for both Steyr M9 & Berretta 92FS.  
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Pin Sphere Radius, Nadir Height, and Nadir Offset as three possible 
quantitative analysis measures to assess the weapon used to fire a 
ballistic cartridge case. These three new measurements of ballistic 
cartridge cases are accessible due to the enhanced analysis eluci
dated through micro-CT scanning allowing 3-dimensional re
presentation of the casing. 

Each model of weapon is manufactured in a different way and to 
different specifications. Hence, firing pins between brands and/or 
models will differ. The extent of variance will establish how ap
plicable the proposed technique will be to ballistic investigations. 
Each measurement proposed quantifies a different aspect of the 
firing pin: Firing Pin Sphere Radius quantifies the relative size of the 
firing pin used, Nadir Height establishes the depth the firing pin 
extends into the primer, and Nadir Offset quantifies the distance 
from centre that the firing pin strikes. In this preliminary study, the 
significant variance between weapons of these measurements sug
gests the possibility of a level of weapon identification from firing 
pin quantification. As well as the firing pin impression, in ballistic 
casework there are two additional areas of interest; the breech face 
impression, and the ejector mark [45]. Breech face striations were 
not considered in this study as they were beyond the resolution 
achievable with micro-CT and are well studied through traditional 
methods. Ejector marks were identified on some of the cartridge 
cases studied, due to the large within weapon variation between 
shape and location of ejector marks, particularly when located on 
the indented manufacturers lettering, these were not studied in the 
current work. Further work into quantifying ejector marks may 
elucidate more information on the weapon used. 

While encouraging, the method developed in this study was de
rived and validated from two weapons. This work established that the 
firing pin impression quantitation significantly differs between the 
two weapons however more work is needed with a larger dataset of 
cartridge cases from many weapons. With such expansion on this 
work, class and individual classification may be possible along with 
test-fired and suspect comparison. Assuming a representative data
base of quantitative firing pin data, the classification of weapon used 
may be possible using statistical models such as random forests [17]. 

Previous studies have shown that multiple factors affect aspects 
of the firing pin impression [8,44]. Manzalini and colleagues recently 
proposed the depth of firing pin impression was dependent on the 
orientation of the weapon when fired [8]. In the proposed micro-CT 
study, all weapons were fired in a horizontal orientation to best 
match the majority of casework examples. If applied to casework, 
the orientation would be a variable to be experimentally quantified 
prior to considering weapon identification. Altering the orientation 
of firing would likely increase variability of the functional 

measurements studied, and hence requires further study to establish 
weapon specifics. 

This study proposes the use of linear measurements from micro-CT 
data for analysis of firing pin impressions. Combining distinct in
dependent measurements improves analysis methodology. Utilisation 
of 3-dimensional measurements in combination with the linear 
measurements described could increase the diagnostic capability of 
ballistic analysis from micro-CT. For example, the volume or surface 
area of the firing pin impression could be included however further 
exploration on how to measure such additional parameters is required. 

Micro-CT has been shown to be an effective imaging tool for the 
3D visualisation and measurements of ballistic cartridge cases with 
three new firing pin impression measurements defined (termed 
Firing Pin Sphere Radius, Nadir Height and Nadir Offset). The re
peatability and reliability of the imaging process and the measure
ments defined was established in Experiment 1. In Experiment 2, 
these quantitative assessments were found to significantly differ 
between cartridge cases fired by two weapons. Expansion of the 
proposed micro-CT methodology to establish model specific and 
weapon specific quantitative data could allow for a greater level of 
information to be determined from ballistic cartridge evidence and 
complement current comparison techniques. 

CRediT authorship contribution statement 

K. Alsop: Conceptualization, Methodology, Validation, Formal 
analysis, Investigation, Writing – original draft, Writing – review & 
editing. D. Norman: Investigation, Validation, Writing – review & 
editing. G. Remy: Conceptualization, Methodology, Formal analysis, 
Investigation, Writing – review & editing. P. Wilson: Formal analysis, 
Writing – review & editing. M.A. Williams: Conceptualization, 
Writing – review & editing, Supervision. 

Conflicts of interest 

The authors declare no conflicts of interest. 

Acknowledgements 

The authors would like to thank Arquebus Solutions UK for 
supporting this project and for providing all the samples used in this 
study. The authors also wish to acknowledge the Coventry and 
Warwickshire Growth Hub who supported this research through the 
Local Enterprise Partnership (LEP) regional growth fund. 

The primary author acknowledges EPSRC for Ph.D. funding en
abling this research. 

Fig. 5. 3-dimensional scatter plot of the three functional firing pin impression measurements.  

K. Alsop, D. Norman, G. Remy et al. Forensic Science International 326 (2021) 110913 

5 



References 

[1] B.R. Sharma, The importance of firing pin impressions in the identification of 
firearms, J. Crim. Law Criminol. Police Sci. 54 (3) (1963) 378–380. 

[2] J. De Ceuster, R. Hermsen, M. Mastaglio, R. Nennstiel, A discussion on the use
fulness of a shared European ballistic image database, Sci. Justice 52 (4) (2012) 
237–242. 

[3] E.F. Law, K.B. Morris, C.M. Jelsema, Determining the number of test fires needed 
to represent the variability present within firearms of various calibers, Forensic 
Sci. Int. 290 (2018) 56–61 (2918). 

[4] K.B. Morris, E.F. Law, R.L. Jefferys, E.C. Dearth, E.B. Fabyanic, An evaluation of the 
discriminating power of an Integrated Ballistics Identification System® 
HeritageTMsystem with the NIST standard cartridge case (Standard Reference 
Material 2461), Forensic Sci. Int. 280 (2017) 188–193. 

[5] R.M. Thompson, Automated firearms evidence comparison using the Integrated 
Ballistic Identification System (IBIS), Proceedings SPIE, Investigation and 
Forensic Science Technologies, vol. 3576, (1999) pp. 94–103. 

[6] D. Cork, J. Rolph, E. Meieran, C. Petrie, Ballistic Imaging - Accuracy and Technical 
Capability of a National Ballistics Database, National Academies Press, 2008. 

[7] J.J. Davis, Primer cup properties and how they affect identification, AFTE 42 (1) 
(2010) 3–22. 

[8] V. Manzalini, M. Frisia, M.L. Scomazzoni, V.F. Del Ángel, V. Causin, Firing pin 
impressions: a valuable feature for determining the orientation of the weapon at 
the time of shooting, Forensic Sci. Int. 316 (2020) 110519. 

[9] A. Banno, T. Masuda, K. Ikeuchi, Three dimensional visualization and comparison 
of impressions on fired bullets, Forensic Sci. Int. 140 (2–3) (2004) 233–240. 

[10] X. Zheng, J. Soons, R. Thompson, S. Singh, C. Constantin, NIST ballistics toolmark 
research database, J. Res. Natl. Inst. Stand. Technol. 125 (2020) 125004. 

[11] T. Weller, M.A. Brubacker, P. Duez, R. Lilien, Introduction and initial evaluation of 
a novel three-dimensional imaging and analysis system for firearm forensics, 
Assoc. Firearm Tool Mark Exam. (AFTE) J. 47 (4) (2015) 198–208. 

[12] M.J. Thali, U. Taubenreuther, M. Karolczak, M. Braun, W. Breuschweiler, 
W.A. Kalender, R. Dirnhofer, Forensic microradiology: micro-computed tomo
graphy (Micro-CT) and analysis of patterned injuries inside of bone, J. Forensic 
Sci. 48 (6) (2003) 1336–1342. 

[13] D.G. Norman, D.G. Watson, B. Burnett, P.M. Fenne, M.A. Williams, The cutting 
edge — micro-CT for quantitative toolmark analysis of sharp force trauma to 
bone, Forensic Sci. Int. 283 (2018) 156–172. 

[14] D.G. Norman, W. Baier, D.G. Watson, B. Burnett, M. Painter, M.A. Williams, Micro- 
CT for saw mark analysis on human bone, Forensic Sci. Int. 293 (2018) 91–100. 

[15] W. Baier, D.G. Norman, J.M. Warnett, M. Payne, N.P. Harrison, N.C.A. Hunt, 
B.A. Burnett, M.A. Williams, Novel application of three-dimensional technologies 
in a case of dismemberment, Forensic Sci. Int. 270 (2017) 139–145. 

[16] G. Pelletti, G. Cecchetto, A. Viero, P. Fais, M. Weber, D. Miotto, M. Montisci, 
G. Viel, C. Giraudo, Accuracy, precision and inter-rater reliability of micro-CT 
analysis of false starts on bones. A preliminary validation study, Leg. Med. 29 
(2017) 38–43. 

[17] K. Alsop, W. Baier, D. Norman, B. Burnett, M.A. Williams, Accurate prediction of 
saw blade thicknesses from false start measurements, Forensic Sci. Int. 318 
(2021) 110602. 

[18] K.R. Brown, I.A. Silver, J.H. Musgrave, A.M. Roberts, The use of μCT technology to 
identify skull fracture in a case involving blunt force trauma, Forensic Sci. Int. 
206 (1–3) (2011) e8–e11. 

[19] N.A. Kramer, T.T. Lopez-Capp, E. Michel-Crosato, M.G.H. Biazevic, Sex estimation 
from the mastoid process using Micro-CT among Brazilians: discriminant ana
lysis and ROC curve analysis, J. Forensic Radiol. Imaging 14 (2018) 1–7. 

[20] J. Appleby, G.N. Rutty, S.V. Hainsworth, R.C. Woosnam-Savage, B. Morgan, 
A. Brough, R.W. Earp, C. Robinson, T.E. King, M. Morris, R. Buckley, Perimortem 
trauma in King Richard III: a skeletal analysis, Lancet 385 (9964) (2015) 
253–259. 

[21] W. Baier, B.A. Burnett, M. Payne, J.M. Warnett, M.A. Williams, Using micro- 
computed tomography to examine the larynx in cases of suspected strangula
tion—a comparison of case findings and control images, Int. J. Leg. Med. 134 
(2020) 1441–1450. 

[22] W. Baier, C. Mangham, J.M. Warnett, M. Payne, M. Painter, M.A. Williams, Using 
histology to evaluate micro-CT findings of trauma in three post-mortem samples 
— first steps towards method validation, Forensic Sci. Int. 297 (2019) 27–34. 

[23] M. Kettner, S. Potente, B. Schulz, P. Knauff, P.H. Schmidt, F. Ramsthaler, Analysis 
of laryngeal fractures in decomposed bodies using microfocus computed to
mography (mfCT), Forensic Sci. Med. Pathol. 10 (2014) 607–612. 

[24] L. Dicken, C. Knock, S. Beckett, T.C. de Castro, T. Nickson, D.J. Carr, The use of 
micro computed tomography to ascertain the morphology of bloodstains on 
fabric, Forensic Sci. Int. 257 (2015) 369–375. 

[25] L. Dicken, C. Knock, C.J. Carr, S. Beckett, The effect of fabric mass per unit area 
and blood impact velocity on bloodstain morphology, Forensic Sci. Int. 301 
(2019) 12–27. 

[26] G.N. Rutty, A.L. Brough, M.J.P. Biggs, C. Robinson, S.D.A. Lawes, S.V. Hainsworth, 
The role of micro-computed tomography in forensic investigations, Forensic Sci. 
Int. 225 (1–3) (2013) 60–66. 

[27] J. Kumar, D. Landheer, J. Barnes-Warden, P. Fenne, A. Attridge, M.A. Williams, 
Inconsistency in 9 mm bullets measured with non-destructive X-ray computed 
tomography, Forensic Sci. Int. 214 (1–3) (2012) 48–58. 

[28] J. Thornby, D. Landheer, T. Williams, J. Barnes-Warden, P. Fenne, D. Norman, 
A. Attridge, M.A. Williams, Inconsistency in 9 mm bullets: correlation of jacket 
thickness to post-impact geometry measured with non-destructive X-ray com
puted tomography, Forensic Sci. Int. 234 (2014) 111–119. 

[29] G. Cecchetto, A. Amagliani, C. Giraudo, P. Fais, F. Cavarzeran, M. Montisci, 
G. Feltrin, G. Viel, S.D. Ferrara, MicroCT detection of gunshot residue in fresh and 
decomposed firearm wounds, Int. J. Leg. Med. 126 (3) (2012) 377–383. 

[30] C. Giraudo, P. Fais, G. Pelletti, A. Viero, D. Miotto, R. Boscolo-Berto, G. Viel, 
M. Montisci, G. Cecchetto, S.D. Ferraro, Micro-CT features of intermediate gun
shot wounds covered by textiles, Int. J. Leg. Med. 130 (5) (2016) 1257–1264. 

[31] G. Cecchetto, C. Giraudo, A. Amagliani, G. Viel, P. Fais, F. Cavarzeran, G. Feltrin, 
S.D. Ferraro, M. Montisci, Estimation of the firing distance through micro-CT 
analysis of gunshot wounds, Int. J. Leg. Med. 125 (2) (2011) 245–251. 

[32] P. Fais, C. Giraudo, A. Viero, A. Amagliani, G. Viel, M. Montisci, D. Miotto, 
G. Cecchetto, Identification of bullet entrance in different type of intermediate 
firearm wounds through micro-computed tomography analysis, J. Forensic 
Radiol. Imaging 3 (3) (2015) 147–152. 

[33] A. Giorgetti, C. Giraudo, A. Viero, M. Bisceglia, A. Lupi, P. Fais, E. Quaia, M. Montisci, 
G. Cecchetto, G. Viel, Radiological investigation of gunshot wounds: a systematic 
review of published evidence, Int. J. Leg. Med. 133 (2019) 1149–1158. 

[34] Office of the Attorney General, 2018 Firearms Used in the Commission of Crimes, 
(2018). [Online]. Available: 〈http://oag.ca.gov/publications#crime〉. (Accessed 03 
February 2021). 

[35] J.J. Lifton, A.A. Malcolm, J.W. McBridge, K.J. Cross, The application of voxel size 
correction in X-ray computed tomography for dimensional metrology, in: 
Singapore Int NDT Conf Exhib, Singapore, (2013). 

[36] J. Kumar, A. Attridge, P.K.C. Wood, M.A. Williams, Analysis of the effect of cone- 
beam geometry and test object configuration on the measurement accuracy of a 
computed tomography scanner used for dimensional measurement, Meas. Sci. 
Technol. 22 (3) (2011) 035105. 

[37] J.J. Bartko, The intraclass correlation coefficient as a measure of reliability, 
Psychol. Rep. 19 (1) (1966) 3–11. 

[38] T.K. Koo, M.Y. Li, A guideline of selecting and reporting intraclass correlation 
coefficients for reliability research, J. Chiropr. Med. 15 (2) (2016) 155–163. 

[39] A. Salarian, Intraclass Correlation Coefficient (ICC) - MATLAB central file ex
change, (2021). [Online]. Available: 〈https://www.mathworks.com/ 
matlabcentral/fileexchange/22099-intraclass-correlation-coefficient-icc〉. 
(Accessed 15 01 2021). 

[40] Committee on Identifying the Needs of the Forensic Sciences Community, 
National Research Council, Strengthening forensic science in the United States: a 
path forward, The National Academies Press, Washington D.C., (2009). 

[41] A. Schwartz, A systemic challenge to the reliability and admissibility of firearms 
and toolmark identification, Columbia Sci. Technol. Law Rev. 4 (2005) 1–42. 

[42] C. Adam, Forensic Evidence in Court, John Wiley & Sons, 2016. 
[43] Science and Technology Select Committee, Forensic science and the criminal 

justice system: a blueprint for change, House of Lords, London, (2019). 
[44] R.A. Frazier, Firing pin impressions - their measurement and significance, AFTE 

21 (1989) 584–588. 
[45] National Institute of Standards and Technology (NIST), Standard bullets and 

cartridge cases, 15 November (2019). [Online]. Available: 〈https://www.nist.gov/ 
pml/sensor-science/surface-and-nanostructure-metrology/standard-bullets- 
and-cartridge-cases〉. (Accessed 17 January 2021).  

K. Alsop, D. Norman, G. Remy et al. Forensic Science International 326 (2021) 110913 

6 

http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref1
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref1
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref2
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref2
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref2
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref3
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref3
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref3
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref4
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref4
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref4
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref4
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref5
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref5
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref6
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref6
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref7
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref7
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref7
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref8
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref8
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref9
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref9
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref10
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref10
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref10
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref11
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref11
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref11
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref11
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref12
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref12
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref12
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref13
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref13
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref14
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref14
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref14
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref15
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref15
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref15
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref15
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref16
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref16
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref16
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref17
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref17
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref17
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref18
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref18
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref18
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref19
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref19
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref19
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref19
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref20
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref20
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref20
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref20
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref21
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref21
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref21
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref22
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref22
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref22
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref23
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref23
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref23
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref24
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref24
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref24
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref25
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref25
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref25
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref26
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref26
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref26
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref27
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref27
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref27
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref27
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref28
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref28
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref28
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref29
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref29
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref29
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref30
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref30
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref30
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref31
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref31
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref31
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref31
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref32
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref32
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref32
http://oag.ca.gov/publications%23crime
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref33
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref33
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref33
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref33
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref34
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref34
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref35
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref35
https://www.mathworks.com/matlabcentral/fileexchange/22099-intraclass-correlation-coefficient-icc
https://www.mathworks.com/matlabcentral/fileexchange/22099-intraclass-correlation-coefficient-icc
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref36
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref36
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref37
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref38
http://refhub.elsevier.com/S0379-0738(21)00233-4/sbref38
https://www.nist.gov/pml/sensor-science/surface-and-nanostructure-metrology/standard-bullets-and-cartridge-cases
https://www.nist.gov/pml/sensor-science/surface-and-nanostructure-metrology/standard-bullets-and-cartridge-cases
https://www.nist.gov/pml/sensor-science/surface-and-nanostructure-metrology/standard-bullets-and-cartridge-cases

	Quantitative characterisation of ballistic cartridge cases from micro-CT
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.1.1. Experiment 1 – method validation
	2.1.2. Experiment 2 – variability assessment

	2.2. Methods
	2.2.1. Micro-CT scanning

	2.3. Measurements
	2.3.1. Experiment 1 – method validation
	2.3.2. Experiment 2 – variability assessment


	3. Results and discussion
	3.1. Experiment 1 – method validation
	3.2. Experiment 2 – variability assessment

	4. General discussion
	CRediT authorship contribution statement
	Conflicts of interest
	Acknowledgements
	References




