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DRIFTS-FTIR analysis are 64 scans and
4 cm�1.
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recovered.
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Condom residues may be encountered in forensic investigations as traces left in sexual assault or rape
cases. Considering casework samples analysis, where material from swabs will need to be extracted,
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) was reported as the most relevant
method for trace evidence analysis. However, there has been no study to identify which specific param-
eters were the most suitable for the analysis of silicone-based lubricants, especially in terms of repeata-
bility of the analyses. This study looked at the resolution and number of scans with the aim of optimizing
these parameters for polydimethylsiloxane (PDMS) analysis and detection. Experimental parameters
were refined while performing a full factorial experimental design (FFD) for the screening and extended
to a face centered central composite design (FCCD) for the optimisation. Repeatability of the results was
also investigated using principal component analysis (PCA) and hierarchical cluster analysis (HCA) in
order to select the most relevant analytical parameters. The optimized DRIFTS parameters were then used
to collect data from reference material and from traces after a transfer in a vaginal matrix has occurred.
Discrimination models were built with DRIFTS data and compared to pre-existing models built with
Attenuated Total Reflectance (ATR)-FTIR data. Condom traces were recovered from volunteers who had
sexual intercourse using different types of silicone-lubricated condoms. The corresponding traces charac-
teristics were investigated and analysed.

� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction sexual assaults and rape cases for the past 40 years [1]. These
Condom trace evidence; including particulates, lubricants and
spermicides; has been reported in the forensic investigation of
traces can be used by forensic investigators to determine whether
or not a condom was used during intercourse, potentially support-
ing the statements of one of the parties.

The majority of condoms consist of latex coated with solid par-
ticles and lubricant. The latter is usually polydimethylsiloxane
(PDMS), found in more than 85% of condoms on the international
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market [2–10], or polyethylene glycol (PEG). Solid particles are
added to the latex during production to avoid the latex to stick
to itself. They are likely to be used as forensic evidence in casework
[10,11]. Other additional components such as anaesthetics, colour-
ants or flavourings, can also be found in very small quantities [10].
Condom residues recovered in the investigation of a sexual assault
will contain a combination of these compounds along with compo-
nents of the vaginal matrix. This complexity poses a challenge for
detection, which is affected by the initial transfer, including the
influence of the source of the trace (i.e. the condom) but also by
the vaginal matrix itself and the type of contact (i.e. duration,
intensity). Finally, the time elapse between the alleged activity
and the sampling as well as the activity of the victim during this
period will influence the persistence of the target compounds [8–
10,12].

Condom traces are typically sampled using cotton swabs, then
extracted into a solvent for analysis [1,12]. Dichloromethane is
the most common extraction solvent, although hexane and iso-
octane have also been reported as dichloromethane may not pro-
vide for complete extraction of the condom traces [12]. A screening
method is usually performed to determine the classes of com-
pounds present, followed by a confirmatory technique to identify
specific components [8–10,12]. Spectroscopy is frequently used
for preliminary analysis of condom residues [12–15] due to its
rapidity, simplicity of use and availability in forensic laboratories.
In particular, Fourier Transform infrared (FTIR) spectroscopy is fre-
quently employed in both research and casework as a screening
method, with a preference for diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) when handling caseworks
[1,12,15]. DRIFTS is ideal for this purpose as it allows the analysis
of polymers such as PDMS, and has been confirmed by several
authors as the most relevant method for the analysis of condom
residue in solution, based on the spectral quality, the reproducibil-
ity, the analysis and preparation time as well as the applicability to
trace evidence [1,16].

Although DRIFTS has been established to be suited to the anal-
ysis of condom traces [1,12,15], the analytical parameters are mul-
tiple and various in the literature. Although this works is for
qualitative analysis, analytical conditions should be statistically
reproducible and repeatable for an application to casework. Factors
influencing the repeatability of DRIFTS analysis have never been
reported to the best of our knowledge and there is a need to obtain
more reproducible and repeatable results, with a good signal-to-
noise ratio (SNR), to be able to work with traces. Development
and optimization of the SNR using statistical algorithm, such as
design of experiments, is still necessary. Enhancing SNR will ensure
that that vibrational bands of the target compounds are distin-
guishable from the background for qualitative examination. Min-
imising noise is also mandatory to ensure that detected
information can be attributed to the evidence rather than instru-
mental artefacts, and to improve reproducibility. Forensic sciences
attach a strong importance to the identification of the source of the
recovered evidence. In the case of condom evidence, inferring on
the source means identifying the brand or type of condoms. The
most common way to answer such questions is to conduct a statis-
tical exploratory study on a large population set. Such studies have
been widely reported with different analytical techniques, and
amongst all ATR-FTIR was one of the most important. However,
there’s no such published available study for DRIFTS analysis,
and this can be a serious issue as this is the recommended method
for the analysis of condom trace evidence in a forensic context.
Therefore, it is necessary to create such a model and compare it
with the previously published ATR-FTIR model. In addition, it is
of prime importance to see whether real traces are classify the
same way pure lubricant samples do.
2

The present paper aims at first to determine which factors,
between the number of scans and the resolution, most significantly
affect the SNR, in order to obtain a more adequate understanding
of how to analyse silicone-based condom residues. Designs of
experiments were used to explore all the possible combinations
of parameters variations within the experimental plan [17], with
the advantage to allow data collection and analysis with proper
statistics to obtain maximal information, such as important factors
affecting the targeted response (here, the SNR). In a second part,
the optimised parameters were then applied to silicone-
lubricated condom extracts and real trace samples, with the aim
to build a discrimination model and investigate the classification
of real samples in the given model, to observe the differences with
pre-existing models and provide relevant information for the
forensic scientist, when it comes to casework application.
2. Material and methods

2.1. Material

Hexane (Sigma-Aldrich, Damstadt, Germany) and Methanol
(Sigma-Aldrich, Damstadt, Germany) of analytical grade were used
as received. Dimethylpolysiloxane 200 cSt was purchased from
Sigma-Aldrich (Damstadt, Germany). Cotton swabs (COPAN150C)
were purchased from COPAN (Brescia, Italy). Potassium bromide
(analytical grade) was purchased from Fluka Chemika (Honeywell
International) and was manually grinded before use. eVol XR� syr-
inge from SGE Analytical (Trajan Scientific Australia) was used for
spiking the samples on KBr pellets.

2.2. Instrumentation and sample analysis

2.2.1. DRIFTS-FTIR
Infrared DRIFTS spectra were acquired with a Digilab FTS 3000

Excalibur FTIR spectrometer (Portmann Instruments AG, Biel,
Switzerland), equipped with a Spectra-Tech 0030-05 Collector II
diffuse reflectance accessory (Portmann Instruments AG, Biel,
Switzerland) and DTGS detector. Spectra were collected from
4000 and 400 cm�1. Potassium bromide (KBr) was manually
grinded to obtain a homogenous powder and deposited into metal
sample cups for DRIFTS analysis. Manual pressure was applied
with a spatula to the pellets to remove residual air, and the pellet
batch stored in a 100 �C oven. For analysis, 10 ll of sample in solu-
tion were spiked onto a pellet which was then placed in a 100 �C
oven for 15 min to evaporate the solvent. Blanks were prepared
in the same manner using 10 ll of hexane and analysed every 3
measures to account for background interference. Extraction
blanks were also prepared in the same manner using extraction
of a clean swab.

2.2.2. ATR-FTIR
Infrared ATR spectra were collected using a Nicolet iS50 FTIR

spectrometer equipped with single-bounce diamond crystal ATR
accessory (ThermoFisher Scientific). Data collection was carried
out using the OMNIC software v. 8.2.0.387 (ThermoFisher Scien-
tific). Spectra were collected over the 4000 to 400 cm�1 range with
4 cm�1 resolution and 32 co-added scans. Samples were deposited
or rubbed directly on the crystal as described in [18].

2.3. Optimization of the analytical DRIFTS conditions

2.3.1. Identification of factors influencing the Signal-to-Noise ratio
(SNR)

Several experimental designs were conducted in this study, as
an iterative process in order to obtain the highest and less variable
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SNR. All the designs were realized using a single standard solution
of bulk PDMS diluted in hexane (1 mg/ml) and spiked on a KBr pel-
let. The first experimental cycle used was a two-level FFD (Full Fac-
torial Design) experimental plan, generated using Unscrambler X
(Camo Software, Norway) to observe the response surface. The
parameters used are described in Table 1. The chosen FFD plan
used four replicates of each point including the central point. This
resulted in a total of 20 randomized program experiments. The
central point was defined at 64 scans and 4 cm�1 because it is
the closest point to regular practice in forensic laboratories [27].

The second experimental cycle was led to estimate the effects of
each factor. A new FFD was designed with new scan number, cho-
sen within a factor 2 from the central point, i.e. 32 and 128 scans.
That was decided to reduce the time of analysis as some of the
highest level of scan and resolution might significantly increase
the latest. The resolution variable was modified, to correspond to
a variation of a factor 2 around the value of the central point.

Finally, a third experimental cycle was an extension of the FFD
into a Central Composite Design (CCD), more specifically here, a
face centered composite design (FCCD). The remaining points were
added to the initial FFD to capture the true relation between the
factors and the SNR. For each cycle, effect significance, lack of fit,
regression significance and curvature were evaluated. A total of
80 experiments were led for these designs.

Data analysis for experimental designs were performed in
Unscrambler X v.10.1 (Camo Software, Oslo, Norway) and two-
ways ANOVA calculations was used to determine the effects of
the factors. For all the models sketched on the data, the signifi-
cance of the effects, the adjustment of the model (lack-of-fit), the
Table 2
Factor and levels used for the calculation of the effects, using a FFD design.

Factor Level �1 Level 0 Level 1

Scan number 32 64 128
Resolution [cm�1] 8 4 2

Table 1
Factors and levels used for the identification of the surface response, using a FFD
design.

Factor Level �1 Level 0 Level 1

Scan number 16 64 256
Resolution [cm�1] 8 4 1

Table 3
Samples used for DRIFTS discrimination model. Composition is known based on observati

N0 Brand Model

P0 Durex Performa
P1 Durex Invisible
P2 Durex Natural Feeling
P3 Migros M-Budget
P4 Migros Cosano Regular
P5 RFSU Profil
P6 Manix Contact
P7 Manix Skyn Original
P8 Ceylor Blauband
P9 Ceylor Non-Latex
P10 Coop PrixGarantie
P11 Fair Squared Sensitive Dry
P12 Vitalis Natural
P13 Amor Nature
P14 ESP Skin
L1 Durex Play play eternal - Perfect glide
L2 Ceylor Silk sensation

3

significance of the regression and the curvature of the plans were
evaluated. The lack-of-fit was assessed according to a Snedecor’s
test [19], and the curvature of the plan according to a Student’s test
[17]. Several regression models of different complexity (from linear
to quadratic) were fitted on the data. The model describing the
relation between the factors was then selected based on the high-
est lack-of-fit p-value and the lowest regression significance p-
value.

2.3.2. Repeatability evaluation and parameters selection
Repeatability of the instrument is important, especially when it

comes to trace evidence analysis. To evaluate the repeatability, two
different statistical methods are usually used: principal component
analysis and hierarchical cluster analysis, with distance or correla-
tion measurements. All these techniques will be used to investi-
gate which number of scans provides, for a given resolution, the
highest repeatability, with spectra clustered the closest to each
other. This will allow the identification of the number of scans
which provides the highest repeatability of the data.

2.4. Application to condom samples

In order to evaluate the applicability of the optimized method
to real samples, 16 condoms and 2 lubricants from major distribu-
tors and manufacturers on the Swiss market were purchased from
Swiss supermarkets and pharmacies (Table 3). All the samples
were previously categorized as containing a silicone-based lubri-
cant [18] except for Fair Squared Sensitive Dry (P11), which is a
non-lubricated condom.

Condom were individually opened and unrolled before being
put in a 100 ml glass bottle and covered with 50 ml of hexane.
The bottles were then closed and put in the ultrasonic bath for
15 min. Bottles were then stored at �18 �C until analytical. Before
analysis, samples were aliquoted and diluted 10 times. 10 ll of the
solution were spiked in the quartz tube on the glass wool and the
analysis was processed. Three replicate samples were prepared
from each condom to probe the composition homogeneity of the
sample as well as the variation due to the instrumentation and
the sample preparation.

2.4.1. Data pattern recognition – ATR vs DRIFTS analysis
The results of the 16 samples acquired with the 2 different IR

methods were analysed using Principal Component Analysis to
identify the potential clustering and classification in the data.
The hypothesis to corroborate is the following: samples are not
clustered according to their analysis type but according to their
ons from [18].

Type Lubricant Other Component

Latex silicone no
Latex silicone no
Polyisoprene silicone no
Latex silicone no
Latex silicone no
Latex silicone no
Latex silicone no
Polyisoprene Silicone no
Latex Silicone no
Polyurethane Silicone no
Latex Silicone no
Latex Non lubricated Solid Particles
Latex Silicone no
Latex Silicone no
Latex Silicone no
Personal lubricant Silicone no
Personal lubricant silicone no
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sample category. This hypothesis has, to the author’s knowledge,
never been reported before, these two techniques usually being
tested one against the other, and not as the potential of comple-
mentary techniques. This investigation aims to verify if samples
obtained with DRIFTS analysis can be projected in the market sur-
vey discrimination and classification models built with ATR results
[18], and if not, to evaluate if the discrimination patterns obtained
on the two techniques are similar. This would allow to transpose
the discrimination pattern observed on the entire dataset from
one technique to the other, although variability could affect the
pattern.

2.4.2. Trace vs reference classification
To investigate the classification of real samples, 2 volunteers

had sexual intercourse using 10 different condoms, coming from
the list presented in Table 1 as well as from other condom types
presented in [18]. 3 blank swabs were collected prior to inter-
course, and 3 samples swabs were collected right after intercourse.
To avoid any cross-contamination, the volunteers were asked to
wait one week between each protected intercourse. Each sample
was analysed 3 times, as described for the condom samples, result-
ing in 9 replicates. A total of 132 analysis were run for this purpose.
Sample collection was led in accordance with the Swiss Federal Act
on Research involving Human Beings (Ordinance on Human
Research with the Exception of Clinical Trials) and approved by
Swissethics (2018-00690). Informed consent was obtained from
all donors, and collected data was entirely anonymized. Based on
previous researches [1,12,14], cotton swabs collected from the vol-
unteers were cut from the wooden sticks and individually put in a
glass vial and extracted with 1 ml of hexane. The vials were vor-
texed for 1 min and sonicated for 15 min. The resulting samples
were analysed in triplicate.
Fig. 1. Illustration of the noise of the spectra acquired under different number of scans a
presented, A) 16 scans/1cm.1, B) 256 scans/1cm.1, C) 64 scans/4cm.1.
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3. Results and discussion

3.1. Identification of factors influencing SNR

3.1.1. Response surface screening
Analyses carried out on the Full Factorial Design were first visu-

ally analysed to evaluate the variability among all the replicates, by
looking at the variability around the baseline, and the noise varia-
tion. The results showed that both number of scan and resolution
affect the SNR, as well as their interaction. The quadratic effects
were found to be non-significant. The non-significance of the lack
of fit (p-value = 0.805) allowed to assume that all main effects
are linear in this model. If the number of scans is increased, SNR
increases as well, but so does the analysis time. In the same man-
ner, the lower the resolution, the higher the SNR, but the lower the
quality of the spectral information will be. Choosing the adequate
analytical parameters is a compromise between the amount of
spectral information and the SNR.

The visual comparison of the noise observed in the spectra
obtained at 16 scans for the resolution at respectively 1 and
8 cm�1 present a good repeatability, in terms of intensity fluctua-
tion. The noise is very important when the resolution increases
and reaches 1 cm�1. Similarly, at 256 scans, a very good repeatabil-
ity is observed, with a noise higher if the resolution is higher.
Repeatability is globally higher at 256 scans than at 16 scans for
a same resolution (cf. Fig. 1A and B). The scans at 64 scans and
4 cm�1 have a rather good repeatability (Fig. 1C). The impact of
the resolution is clearly visible compared to the other sets of
analysis.

To investigate the variation of the SNR as a function of the num-
ber of scans and of the resolution, the noise (RMS) was integrated
on the 2200–2000 cm�1 region as it is the range where the beam
nd resolution over the 2200–2000 cm�1 region, four replicates per design point are



Table 4
Observed coefficient of variation (%) of the SNR as function of the number scans and of
the resolution.

Scans Resolution SNR CV %

16 1 283 ± 15 5.60
16 8 883 ± 65 7.43
64 4 1424 ± 91 6.42
256 1 1440 ± 204 14.16
256 8 3662 ± 443 12.09

C. Burnier, V. Favre and G. Massonnet Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 261 (2021) 120025
intensity is the greatest [20]. SNR was calculated as follows:
SNR ¼ Baseline % Transmittance Value

RMS . The baseline transmittance value
was usually 100% but was sometimes slightly lower (i.e around
99.5%) and therefore was adapted as a function of the value
obtained for each spectrum.

Table 4 highlighted the lower variability of the central point (64
scans, 4 cm�1). As illustrated in Table 4, the SNR is lower when a
high resolution set up is used than when a lower resolution is used.
To this effect, a high resolution at 1 cm�1 is not recommended if
planning to work on real cases: when dealing with trace evidence,
there’s a need to have the highest SNR. Similarly, for the number of
scans, a too low number of scans provides a lower SNR and there-
fore is not recommended.

The variability of the SNR was also investigated as it was
assumed that the variability detected on the SNR would be
observed as well on the data collected from real samples. Variabil-
ity was found to increase as the number of scans increases (cf.
Table 4). Thus, it seems inappropriate to expose the sample to
too many scans, since not only the analysis time increases, but so
does the variability. The coefficients of variation obtained for the
low number of scans are less than 10%, which is rather good con-
sidering the mode of analysis and the problems related to diffusion
that can be observed. These observations confirm that both num-
ber of scan and resolutions are important parameter influencing
the reproducibility of the data.

Higher number of scans induce higher variability of the SNR,
and the reproducibility is affected as well. Therefore, analyses at
256 scans were discontinued for further investigations. The surface
Fig. 2. Surface response obtained for the quadratic model with interaction (left) and f
described in Table 2.
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screening showed more repeatable results for a number of scans
closer to the central point. At this point, in order to grasp the
effects of each variables of interest, a new design of experiments
was carried out, focusing the setting values close to this central
point.

3.1.2. Calculation of the main effects
The knowledge acquired in the first cycle of experiment allowed

reducing the factors closer to the center points. A new two-level
factorial design of experiment was run to estimate the effects of
each of the factors. Each point was analysed four times to get repli-
cates. Calculation of the main effect of each parameter were real-
ized as described in [17] and respective effects of �3196 (p-
value = 0.0001) for the number of scans and ��2096 for the reso-
lution (p-value = 0.0008) were obtained. These results show that
both effects almost equally influence the response of the SNR. Both
factors have positive effects. This means that decreasing the reso-
lution (i.e. 8 cm�1) and increasing the number of scans cause an
increase in the SNR. The goal is to increase this ratio, since the sig-
nal must be maximized with respect to noise. To achieve the goals
set, the number of scans must be maximised, and the resolution
minimized. The effect of the interaction has also been calculated
and is �1496 (p-value = 0.0016). The effect here is half as impor-
tant as the one of the numbers of scan, and almost as important
as the one of the resolution, while positively affecting the SNR. This
interaction is therefore important for the model because its effect
is as important as any of the main effects.

This design was still not sufficient to have a complete coverage
and understanding of all the interactions. Thus, an extension to a
FCCD design which allows computing more complex interactions
and create a final response surface modeling with the best under-
standing of the impact of each parameter was achieved.

3.1.3. Response surface modeling
FCCD was used to estimate and evaluate first and second order

models of regression. The analytical results were used to build a
full regression model of the first order, firstly using only the num-
ber of scans and the resolution, then considering their interaction
or the optimization using only the main effects (right). Factors level are the ones
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Fig. 3. . Illustration of the relationship between scan number and resolution.
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and finally considering second order terms. First order effect were
found to be statistically significant, with p-values < 0.001. Within
this model, the AB interaction was found to be non-significant,
with a p-value of 0.47. Quadratic effects were also investigated
but were not found to be significant, with p-values respectively
0.646 for the Scan � Scan (AA) parameter, and 0.388 for the resolu-
tion � resolution (BB) parameter. The curvature was not found to
be significant, indicating that only a linear model would fit on
the data. In addition, the lack of fit was non-significant with a p-
value of 0.8051 which indicates the model is not adequate for such
a model. The different models were all compared using the
6

adjusted R2 with a partial Fisher-test. None of the models were
found to fit properly. Lack-of-fit values were found to be 0.085
for the first-degree model with interaction, 0.805 for the second-
degree model with all the factors and 0.8725 for the second order
models without the squared resolution. This indicate that none of
these models are likely to fit the data. Surface response obtained
for the quadratic interactions and the linear modelling are gath-
ered in Fig. 2.

Multiple regression models were tested and showed out that
only the number of scans and the resolution were significant for
the surface response. In addition, when removing the quadratic
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interactions, the obtained surface response was completely linear,
suggesting an increase of the SNR with the increase of the number
of scans and the decrease of the resolution. To be able to select ade-
quate analysis parameters, focus was set up on literature reporting
that the SNR increases according to an exponential curve of the
type y = axb, the exponential of which is close to a theoretical value
of 0.5 [20]. Therefore, optimal analysis parameters will be selected
based 1) on the exponential curve for the optimal resolution num-
ber, and 2) on the shorter distance or correlation between spectra
acquired for a same resolution and different number of scans.

It also needs to be considered that these second and third
design cover a very limited area of the global S/N curves. Therefore,
it might appear that, on this small area, the global trends are not
always respected. However, one of the important parameters to
consider is the variability on the sample, and to this extent, there
is a need to evaluate the repeatability of the analysis in order to
select the most relevant parameters for the forensic analysis of
condom evidence.
Fig. 4. 3-dimensional scores plot of the data acquired on different number of scans
but a same resolution. Samples are coloured as a function of the number of scans.
3.2. Repeatability evaluation and parameters selection

3.2.1. Resolution
As illustrated in [20], optimal resolution can be selected when

plotting the resolution as a function of the number of scans, fitting
a power function of the type y = axb, the exponent of which is close
to a theoretical value of 0.5 [20]. The optimal analysis parameters
are therefore those whose exponential is closest to 0.5, with the
regression coefficient the closest to 1.

Relation between resolution and number of scans will be plot-
ted and the parameters of the curves were calculated, as well as
the regression coefficients of the latest. The relation between reso-
lution and number of scans is illustrated on Fig. 3. However, it has
to be considered that a lower resolution won’t allow the optimized
separation of the infrared signal. In the practice, a resolution of
4 cm�1 usually offers the best compromise between the S/N value
and spectral separation.

Parameters of the curves were calculated, as well as the regres-
sion coefficients of the latest (Table 5). Although 8 cm�1 resolution
is the one which offers the highest SNR, both the regression coeffi-
cient and the power function parameter b are more fitting to the
power function when using a resolution of 4 cm�1. As it is also a
very common parameter in most forensic laboratories, the resolu-
tion of 4 was selected as a final parameter for further analyses.
3.2.2. Number of scans
To select the adequate number of scans, the repeatability of the

analysis should be assessed. Therefore, the data were first plotted
into a principal component analysis to evaluate the variability of
the different measurements. In addition, hierarchical cluster anal-
yses were used with Ward’s Linkage, Euclidean Distance measure-
ment and Pearson’s correlation measurements, and different
linkage were tested, to see whether the results were consistent.

As illustrated on the PCA results on Fig. 4, the spectral data are
rather spread out and are not really clustered together. The only
ones clustered together are the ones acquired at 64 scans, as repre-
sented with a black circle on Fig. 4.
Table 5
Resolution impact.

Resolution cm�1 a b R2

1 88.951 0.4692 0.9334
2 141.65 0.4503 0.899
4 246.51 0.4897 0.9958
8 319.4 0.4253 0.8194
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All the hierarchical clusters provided the same results, with the
smallest distance or correlation between the spectra being
observed at 64 scans independently of the measurement methods
or linkage method, thus suggesting a more appropriate repeatabil-
ity of the data. An example of the results obtained with a Pearson’s
correlation and a complete linkage analysis is presented on Fig. 5.
The black circle highlights the measurements obtained for 64
scans. The grey circle outline measurements obtained for 256
scans: interestingly, 2 replicates acquired at 256 scans are very
close to each other, as close as 64 scans ones together, but the third
replicate systematically is more distant to the rest of the samples.
256 scans would be a very interesting option of analysis as some
authors have used a larger number of scans (256 or 512) to decon-
volute the spectra and classify samples of different types. Increas-
ing the number of scans to 512 would not significantly improve the
SNR but increase analysis time by a factor of 10: analysis were
found to last around 3 min for 64 scans and up to 15 min for 256
scans. Hence, this is not a cost-effective compromise based on
spectral variability, but it might be requested for specific aims
(i.e., spectral deconvolution).

The results presented above show that the more relevant condi-
tions regarding the number of scans and the resolution are 64 and
4 cm�1, respectively. These are the parameters that will be used for
further analysis.

3.3. Application to condom samples

3.3.1. Comparison of DRIFTS and ATR discrimination models
Most of the previous classification and discrimination models

build for condom evidence analysis were constructed using ATR-
FTIR. However, DRIFTS has been reported as the most adequate
analytical method for the analysis of condom residues when it
comes to casework, as described by [15]. This may be an issue
for a forensic scientist facing condom evidence in case work, espe-
cially if the main concern is the proper identification of a condom,
its brand or a specific model, as previous classification and discrim-
ination models were constructed using ATR-FTIR, which is the rea-
son why a model dedicated to DRIFTS analysis should be
considered.

It is therefore of great interest to observe if the clustering iden-
tified in ATR data is also highlighted in DRIFTS data. Considering



Fig. 5. Hierarchical Cluster Analysis obtained with a Pearson’s correlation measurement, and a complete linkage clustering.
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the chemical profiles obtained on a batch of different samples
using DRIFTS, the main difference between ATR and DRIFTS is
based on the silicone-based samples and only on the 1100–
1000 cm�1 region of the spectra. Indeed, it is where the silicon-
oxygen double bond presents its symmetric and asymmetric
stretching vibrations, which are better resolved and show higher
intensity in DRIFTS than in ATR, as previously illustrated in [15].
There seem to be an opportunity here to possibly differentiate
using DRIFTS samples that could not have been distinguished with
ATR-FTIR.

At first, PCA was computed on the acquired data sets separately.
For the DRIFTS analysis data, the variance explained by PC1 to PC3
8

was respectively 64%, 15%, and 7%. The first three principal compo-
nents explain 86% of the variance whereas for the ATR data, the
variance explained along PC1 to PC3 were respectively 84%, 8%,
and 6%, leading to 98% of variance explained. Fig. 6 shows the
scores of the first three principal components (PC1-PC3) plotted
against each other for all data. In this figure, replicates of condom
of samemodel are represented by the same color. Fig. 6 illustrates
the comparison of the PCA scores plot obtained for the ATR (left)
and DRIFTS (right) data. Previous research [18] has highlighted
specific data patterns using ATR-FTIR analysis. A similar structure
in the data can be observed, with samples L2 and sample P11 being
separated from the rest of the sample set. Similarly to previous



Fig. 6. 3-dimensional PCA scores plots showing the distribution of the samples acquired with ATR-FTIR (on the left) and DRIFTS-FTIR (on the right) for comparison. Legend
numbers refers to Table 1.

Fig. 7. Illustration of the overlay between a condom reference material spectrum (in red) and a trace evidence spectrum (in blue). The diagnostic peaks of PDMS are
highlighted in grey, and are 1263, 1090, 1020 and 900 cm�1. The overlay does not illustrate any significant variations in the area of PDMS, the four bands being present (grey
zone), and a similar abundance being observed.
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results published on ATR-FTIR results [18], the rest of the silicone
containing samples cannot be differentiated of each other, and it
is not possible to differentiate samples coming from different
brands or models. Further PC did not help enhancing the discrim-
ination of the samples. This suggests that although DRIFTS offer
better visualisation of the siloxanes chemical patterns, it does
not enable any improved discrimination of samples.

A very important difference that can be noted when comparing
the two models presented on Fig. 6 is the dispersion of the data:
DRIFTS model presents a far more important dispersion of the data
than ATR model. This can easily be explained by two main reasons:
the sample preparation and the extraction procedure. Regarding
the sample preparation, DRIFTS analysis required the manual
preparation of KBr pellets followed by spiking the liquid sample.
Not only the KBr grinding might not always be reproducible
between all the pellets, but an important modification of the KBr
surface is generated at the moment of spiking, which is a source
of variation.
9

Secondly, the samples analysed using DRIFTS were samples
extracted from the condom whereas the ATR data were acquired
by rubbing the sample on the crystal. Not only will there be varia-
tion resulting from the transfer, but also the extraction efficiency
has not been evaluated, as it is known from [12] only that the
use of a solid-liquid extraction using hexane allows adequate
extraction of the target compounds. ATR was not found to offer sig-
nificant better results for the analysis of condom evidence on
swabs. In situ analysis was shown to be applicable on reference
material (i.e. when condom was rubbed on a cotton before squeez-
ing it on the ATR crystal) but produced no results from real sam-
ples, when an external matrix (i.e. vaginal matrix) was present.
In situ analyses present considerable risk of contamination if DNA
extraction has not been previously processed. Previous researchers
reported that DNA extraction did not affect silicone-based residues
analysis using hexane extraction on the same cotton swab [8]. The
use of extracted samples is not adequate for ATR analysis, as at the
moment of the deposition, the solvent evaporates, generating ran-



A)

B)

Fig. 8. . 3D-scores plot of the PCA on 16 reference samples (n = 5) and 11 samples collected from human volunteer (n = 8) analysed with DRIFTS, A) distinguishing traces and
references, B) distinguishing all the different types of condom used as reference material.
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domly deposited PDMS aggregates on the ATR crystal, and thus
causing reproducibility issues. On the other hand, DRIFTS was
reported as the most adequate technique for the analysis of real
samples in case works [1] and a very sensitive technique. In this
case, an extraction step is mandatory.

Although the number of samples is limited in this study, the
analysis of such a big dataset as presented in [18] would unlikely
provide more accurate results, considering that condom produc-
tion is regulated by international ISO norms [21–24]. The conclu-
sions of a discrimination and clustering investigation of a bigger
dataset would be unlikely to provide different results on the dis-
crimination of condoms than the ones observed in [18]. Should fur-
ther discrimination be required, other analytical instrumentations
such as DART-TOF-MS would be recommended given their dis-
crimination ability [5,25].
10
3.3.2. Trace vs reference classification
Another recurrent and important question is to know

whether real traces classify the same way pure lubricant sam-
ples do [18]. To this aim, samples collected from real samples
were analysed. The visual analysis did not allow to differentiate
samples coming from traces from the reference, except for the
ones coming from sample P11, which is not a silicone-based
condom. An illustration of a reference spectrum obtained from
the condom Ceylor Non-Latex (P9), compared to the trace spec-
trum obtained after a sexual intercourse is presented in Fig. 7.
The four diagnostic bands of PDMS are present in the spectra
(grey zone in the spectra). The overlay do not highlight any sig-
nificant visual differences, except in the area around 3000 cm�1

where more CH2-CH3 vibrations can be observed, due to the
presence of the vaginal matrix [26].



Fig. 9. Factor loadings of PCs 1–3 for the PCA conducted in Fig. 8, based on their DRIFTS-FTIR spectra.
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The real samples were then processed and added to the PCA
plots to investigate their possible discrimination pattern within
the reference material (Fig. 8). As illustrated in Fig. 8A, trace sam-
ples are clustered within the same pattern as the one obtained
with reference material. Traces present a slightly higher variability
than the reference material when it comes to the silicone content
(Fig. 8B). Replicates of the same samples were clustered together.
Most of the traces were clustered very close to the reference mate-
rial, thus suggesting that the model would be appropriate to clas-
sify traces at the moment of their transfer and that the chemical
profiles are not affected by matrix residues which is not surprising
considering the type of extraction processed on the samples.
Indeed, non-lubricated condom traces were found to be clustered
in the same zone (in terms of PC eigenvalues) than the non-
lubricated reference P11. In a similar manner, silicone-containing
traces were found to cluster within the silicone-containing refer-
ence cluster. These observations are very interesting, as they sug-
gest that the chemical profile gathered from condom lubricants
after intercourse is not affected at T0 by the receiver or the contact
to generate a different pattern or a new specific cluster in the PCA
plots.

Sampleswere clustered together along all the PC, and no clusters
were observed differently than from the ones previously observed
from the visual inspection of the data. The factor loadings for PC1-
3 (Fig. 9) were used to identify the spectral region generating the
sample discrimination. Along all the principal components, a strong
negative correlationwas observedwith the peaks at 790, 1020, 1090
and 1260 cm�1, which are linked to the PDMS silicone backbone
[15]. A positive correlation was observed with peaks at 2912 and
2925 cm�1 consistent with the bonds coming from the vaginal
matrix [26], and this discrimination was found to be stronger along
PC2, although all PC offer this discrimination. Consequently, the dis-
crimination between the samples is mainly due to the silicone con-
tent, most likely based on the concentration content.

In addition to PCA, HCA was also performed, as an unsupervised
method to see the similarity between the data, without taking into
account any other information. All the traces and the references
were used, and 16 clusters were asked. All of the different distance
11
measurements and linkage measurement revealed the same pat-
tern: P11, L2 and the traces coming from these references were
clustered together and presented a higher distance to the rest of
the samples. Considering the silicone samples, the cluster analysis
failed to correctly group the traces with their corresponding con-
dom, independently of the type of linkage or distance/correlation
measurements. These results also illustrate that whilst traces can
be clustered with the reference material, it is not possible to link
a trace to a specific material. This informs that when a trace is
recovered, inferring on its exact source might not be possible,
although in most casework it might not even be relevant, as the
questions usually target the presence or the absence of traces.
Whether it is a condom, or another type of sample can also be
answered, but the exact source of the trace cannot be inferred, as
the chemical profiles are all undistinguishable. This is interesting
from the interpretative point of view, as the method is not able
to discriminate condoms coming from different brands and mod-
els. Interpreting the evidence on a source level would be more rel-
evant in the discrimination from condom vs lubricants rather than
between condoms. When considering the use of a given condom vs
the use of another one, the likelihood ratio (LR) obtained would be
of 1, and therefore uninformative to the Court.

4. Conclusion

The choice of analytical parameters for infrared analysis was
assessed using experimental design, as literature was not provid-
ing any consistent parameters. Full Factorial design was used and
extended to Central Composite Design, using SNR as the target
response factor. Distance and correlation measurement were also
used to select the more adequate conditions in relation to the
repeatability of the data. Most adequate conditions parameters in
terms of variability and statistical representation of the data were
found to be 64 scans and a resolution of 4 cm�1.

The discrimination pattern of the reference material obtained
using DRIFTS was compared to the ones previously published using
ATR-FTIR. Similar patterns were observed, with a slightly higher
dispersion for DRIFTS analysis, which is attributed to the extraction
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and sample preparation step. Data acquired with both models
could not be computed together, as the chemical profiles obtained
were too different. The discrimination of different brands or model
types of condom was similar to the one observed with ATR-FTIR.

Reference and traces were found to be undifferentiated, inde-
pendently from the condom at the source of the trace. The results
indicate that reference condom material and transferred traces do
not present distinct chemical profiles. As expected, no differentia-
tion was observed according to the transfer effect itself. The exper-
iments described in this study illustrate the potential to
distinguish condoms in a similar way to what was observed during
the construction of the infrared profile database.
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