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Sex estimation from handprints in a 
Croatian population sample: developing 
a tool for sex identification in criminal 
investigations

Aim: To test if handprint measurements show sexual di-
morphism in the Croatian population, and to develop popu-
lation-specific sex estimation standards.

Methods: A cross-sectional study was conducted on 100 
adult volunteers from a Croatian population (50 males and 
50 females) aged between 20 and 45 years. Using a finger-
print ink, we collected handprints of both hands on a paper 
sheet. We scanned handprints and took 13 measurements. 
Bilateral asymmetry and sexual dimorphism of the mea-
surements was analyzed and sex estimation models were 
developed using linear discriminant analysis.

Results: All measurements exhibited statistically signifi-
cant sexual dimorphism (P<0.001). Univariate discriminant 
functions provided sexing accuracy from 75% to 92%. The 
highest accuracy rate (92%) and the lowest sexing bias (0%) 
was obtained using the handprint breadth. A multivariate 
discriminant function could estimate sex with 93% accura-
cy, but with more pronounced sexing bias (10%).

Conclusion: We showed that handprint measurements 
could be used for sex estimation in the Croatian population 
with a high accuracy level. Therefore, they could serve as a 
valuable tool for biological profiling of perpetrators in crim-
inal investigations when other evidence is not conclusive.
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Introduction

Handprints are a conclusive type of evidence often available at the scenes of various crime 
types. If they are recovered from the scene and used in forensic examinations, they can 
help establish the identity of a person included in the crime. Unfortunately, the identifica-
tion is often not possible as it is required that both the recovered (questioned) prints and 
those collected from perpetrators/suspect (known prints) are available for comparison [1-
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3]. Although in such instance, handprints cannot directly reveal the perpetrator’s identity, 
their dimensions can still provide valuable clues on the biological features of an individu-
al like sex and stature and narrow down the list of potential suspects [1, 2, 4-6].

In forensic sciences, studies that employ the statistical models to classify sex using body 
dimensions have been extensively conducted on skeletal material or body parts [7-12]. 
The primary aim of those studies has been to aid the identification process of the human 
remains in crimes, disasters, or wars by estimating the sex of individuals. On the other 
hand, a similar approach is more rarely applied in forensic science to reveal the sex of 
the donor of prints found at the crime scenes. Until now, studies that consider handprint 
measurements have been conducted only in Western Australian [6] and French [13] popu-
lation samples but showed great potential for application in forensic investigations. Both 
studies revealed that dimensions of handprints demonstrate differences between males 
and females and thus could be used to develop sex classification models. The standards 
they developed could estimate sex from handprints correctly in more than 90% of cases 
when multiple variables are used, while accuracy of 88%-90% could be achieved even 
with a single variable [6, 13]. However, like most of the anthropometric methods, their 
major limitation is sensitivity to the interpopulation differences in body size, robusticity, 
and sexual dimorphism [14, 15]. Therefore, they must be developed and validated on each 
population separately, especially considering the level of scientific rigor inherent in mod-
ern forensic science.

Except for the sex, previous studies showed that handprints could also be used to estimate 
the height of a person, thus providing even more information about the print donor [2, 4, 
5, 16]. Nonetheless, as many anthropological studies demonstrated that the error of the 
height estimates is smaller when males and females are considered separately [17, 18], 
height estimation equations for handprints are also developed to be sex-specific [2, 5, 16]. 
For this reason, the initial identification of sex is an inevitable prerequisite for their ap-
plication.

Since sex estimation standards for handprints were not developed for the Croatian pop-
ulation, our study aimed to test if handprint measurements show sexual dimorphism in 
a Croatian population sample and, if so, to establish population-specific sex classification 
standards that could be employed in forensic investigations to examine handprints found 
at crime scenes.

Methods

Participants

The cross-sectional study was conducted at the University Department of Forensic Sciences 
(University of Split, Croatia) in the Crime Scene Investigation Laboratory from May to 
June 2019. The study comprised a convenience sample of 100 adult volunteers (50 men; 
50 women) from a Croatian population. Each person was provided with a participant in-
formation sheet and signed the informed consent form prior to participation in the study.
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Using a brief questionnaire, we collected basic information on participants’ sex, age, and 
handedness as well as information on orthopedic or dermatological health issues used as 
exclusion criteria. 

Ethical approval was attained by the University Department of Forensic Sciences Ethics 
Committee on 23 April 2019 (2181-227-05-12-19-0003; 024-04/19-03/00007).

Handprint analysis

Using fingerprint ink Dacty ink® (BVDA International, Amsterdam, The Netherlands), 
we collected paper handprints of both hands. Impressions were scanned with a CANON 
C3320i at 600dpi. All images were imported into and measured in Adobe Photoshop (ver-
sion CC 2019, Adobe Systems, San Jose, CA, USA). The images were calibrated, measured 
using a ruler tool, and recorded using the measurement log. All measurements were taken 
by the first author (AK).

For each impression, we performed following 13 measurements (Figure 1):

1. Handprint length (Point A to B) – the distance between the base line and the tip of the 
middle finger [5].

2. Handprint breadth (Point C to D) – the distance between the most laterally projected 
part of the palm print at the 2nd metacarpal and the most medially projected part of the 
palm print at the distal transverse crease [2, 5].

3. Palm length (Point A to E) – the distance between the base line and the proximal flexion 
crease of the middle finger [5].

4.-8. Complete thumb, index, middle, ring and little finger length (Point B to E) – the dis-
tance from the palmar digital crease of the finger to the tip of the respective finger [5].

9. Distal thumb length (Point F to G) – the distance from the interphalangeal crease to the 
tip of the respective finger [4].

10.-13. Distal and middle index, middle, ring and little finger length (Point H to B) – the 
distance from the proximal interphalangeal crease to the tip of the finger [4].

For measurements 4.-13., instead of measuring lengths to the center of the creases as sug-
gested by Ahemad and Purkair [4], we measured lengths as a distance from the tip of the 
finger to the beginning of the crease.

Statistical analysis

Bilateral asymmetry was tested using a paired sample t-test. For male and female print 
measurements, we calculated descriptive statistics and analyzed sexual dimorphism by 
independent samples t-test. 

Statistical models for sex classification were developed using linear discriminant analysis 
with an equal prior probability for male and female measurements. Cut off values for 
univariate discriminant functions were calculated as a mean of male and female measure-
ments. Multivariate discriminant functions were obtained using the stepwise procedure. 
For those functions, the sex estimation equations were derived using unstandardized 
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Figure 1. Handprint measurements used in the study.

function coefficients, and cut off values were calculated as a mean of functions’ centroids. 
Those equations were provided as a linear combination of the variables in the following 
form [19, 20]:

F = x1β1 + x2β2 + .... + xnβn + c

where x represents variables used in the study, β weighted coefficients, and c a constant. 
The sex can be estimated by comparing the F score with the provided cut off value. If the 
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score is greater than the cut off, it is estimated that print originates from a male, while if it 
is smaller, it is estimated that print originates from a female individual [19, 20].

Sex estimation accuracy was examined using a leave-one-out cross-validation (LOOCV) 
algorithm that provides realistic classification results. In LOOCV, a classification model is 
tested on each specimen using the functions calculated from all remaining cases except 
that one [21]. The sex estimation accuracy was given separately for males, females, and 
for overall results as a proportion of correctly classified and a total number of individuals. 
Statistical analyses were performed using the IBM SPSS (version 22, SPSS Inc., Chicago, IL, 
USA) with a statistical significance set at P≤0.05.

Results

All the participants met inclusion criteria since they did not report orthopedic or derma-
tological health issues. The median age of male subjects was 27.5 (range 20-45), while for 
the females, it was 25 (range 20-39). The sample comprised 92 right-handed and seven 
left-handed individuals, and one person was ambidextrous.

From 13 measurements, 12 measurements were larger on the right prints, while four of 
them showed statistically significant bilateral differences (P<0.05, Table 1). For this rea-
son, we analyzed sexual dimorphism for the left and the right prints separately.

Table 1. Bilateral asymmetry of handprint measurements

Measurement Bilateral difference 
t-value P*

Handprint length -2.471 0.015
Handprint breadth -1.402 0.164
Palm length -0.897 0.372
Complete thumb length -7.765 <0.001
Complete index-finger length -5.366 <0.001
Complete middle-finger length -1.917 0.058
Complete ring-finger length -0.734 0.465
Complete little-finger length -0.424 0.673
Distal thumb length -1.816 0.072
Distal and middle index-finger length -2.425 0.017
Distal and middle middle-finger length 0.083 0.934
Distal and middle ring-finger length -0.222 0.825
Distal and middle little-finger length -1.336 0.185

*Statistically significant P-values are in bold.

Table 2 and Table 3 show means and standard deviations (SD) for male and female print 
measurements. All the measurements, both for left and right prints, were greater in male 
individuals and showed statistically significant sexual dimorphism (P<0.001). According to 
t-values, handprint breadth, handprint length, and palm length demonstrated the highest 
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degree of sexual dimorphism, while for the remaining measurements it was lower and 
similarly expressed.

Table 2. Descriptive statistics and t-test results for print measurements of the left hand

Measurement
Findings (mm, mean ± SD)

t P*
Males Females

Handprint length 191.72±9.68 171.94±8.07 11.100 <0.001
Handprint breadth 84.86±4.26 74.45±3.68 13.079 <0.001
Palm length 107.29±5.61 95.84±4.76 11.005 <0.001
Complete thumb length 69.40±5.19 61.64±4.12 8.287 <0.001
Complete index-finger length 75.64±4.76 69.03±4.31 7.277 <0.001
Complete middle-finger length 84.45±5.06 76.24±4.91 8.233 <0.001
Complete ring-finger length 79.07±5.13 70.79±4.77 8.361 <0.001
Complete little-finger length 65.14±5.11 57.59±4.06 8.190 <0.001
Distal thumb length 31.89±2.32 27.87±2.19 8.881 <0.001
Distal and middle index-finger length 49.93±3.57 45.34±3.17 6.802 <0.001
Distal and middle middle-finger length 55.71±3.82 50.14±3.59 7.515 <0.001
Distal and middle ring-finger length 53.84±4.10 48.05±3.47 7.628 <0.001
Distal and middle little-finger length 44.73±4.65 39.27±3.18 6.861 <0.001

*Statistically significant P-values are in bold.

Table 3. Descriptive statistics and t-test results for print measurements of the right hand

Measurement
Findings (mm, mean ± SD)

t P*
Males Females

Handprint length 191.89±9.69 172.37±8.05 10.958 <0.001
Handprint breadth 84.93±4.16 74.77±3.90 12.603 <0.001
Palm length 107.14±5.39 96.15±4.84 10.721 <0.001
Complete thumb length 70.06±5.09 62.95±4.02 7.751 <0.001
Complete index-finger length 76.28±4.72 69.63±4.48 7.227 <0.001
Complete middle-finger length 84.76±5.17 76.35±5.10 8.191 <0.001
Complete ring-finger length 78.97±5.22 71.07±4.95 7.761 <0.001
Complete little-finger length 65.15±5.20 57.69±4.49 7.687 <0.001
Distal thumb length 31.85±2.61 28.30±2.04 7.587 <0.001
Distal and middle index-finger length 50.27±3.57 45.55±3.25 6.914 <0.001
Distal and middle middle-finger length 55.64±3.73 50.19±3.51 7.530 <0.001
Distal and middle ring-finger length 53.76±3.96 48.19±3.64 7.322 <0.001
Distal and middle little-finger length 44.96±4.39 39.41±3.43 7.055 <0.001

*Statistically significant P-values are in bold.

Cut off values for univariate discriminant functions and accuracy rates are provided in 
Table 4 and Table 5. If the measurement is greater than the cut off value, the print be-
longs to a male individual, otherwise it belongs to a female. For both hands, the highest 
sex estimation accuracy was achieved for handprint breadth (92%), palm length (87% and 
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88%), and handprint length (86%). Accuracy for complete finger lengths ranged from 78% 
to 81%, while for distal and middle finger length, it was between 75% and 80%.

Table 4. Cut off values for sex estimation and cross-validated accuracies for univariate discriminant functions of the left hand

Measurement Cut off
Accuracy

Males (n=50), 
n (%)

Females (n=50), 
n (%)

Overall (n=100), 
n (%)

Handprint length 181.83 42 (84) 44 (88) 86 (86)
Handprint breadth 79.66 46 (92) 46 (92) 92 (92)
Palm length 101.56 44 (88) 44 (88) 88 (88)
Complete thumb length 65.52 38 (76) 43 (86) 81 (81)
Complete index-finger length 72.34 40 (80) 40 (80) 80 (80)
Complete middle-finger length 80.34 40 (80) 40 (80) 80 (80)
Complete ring-finger length 74.93 41 (82) 41 (82) 82 (82)
Complete little-finger length 61.37 37 (74) 42 (84) 79 (79)
Distal thumb length 29.88 41 (82) 43 (86) 84 (84)
Distal and middle index-finger length 47.63 37 (74) 39 (78) 76 (76)
Distal and middle middle-finger length 52.92 37(74) 39 (78) 76 (76)
Distal and middle ring-finger length 50.95 37 (74) 40 (80) 77 (77)
Distal and middle little-finger length 42.00 34 (68) 41 (82) 75 (75)

Table 5. Cut off values for sex estimation and cross-validated accuracies for univariate discriminant functions of the right 
hand

Measurement Cut off
Accuracy

Males (n=50), 
n (%)

Females (n=50), 
n (%)

Overall (n=100), 
n (%)

Handprint length 182.13 41 (82) 45 (90) 86 (86)
Handprint breadth 79.85 46 (92) 46 (92) 92 (92)
Palm length 101.64 44 (88) 43 (86) 87 (87)
Complete thumb length 66.50 38 (76) 43 (86) 81 (81)
Complete index-finger length 72.95 41 (82) 40 (80) 81 (81)
Complete middle-finger length 80.55 40 (80) 39 (78) 79 (79)
Complete ring-finger length 75.02 39 (78) 40 (80) 79 (79)
Complete little-finger length 61.42 39 (78) 39 (78) 78 (78)
Distal thumb length 30.08 41 (82) 39 (78) 80 (80)
Distal and middle index-finger length 47.91 39 (78) 39 (78) 78 (78)
Distal and middle middle-finger length 52.91 40 (80) 40 (80) 80 (80)
Distal and middle ring-finger length 50.97 37 (74) 39 (78) 76 (76)
Distal and middle little-finger length 42.18 35 (70) 40 (80) 75 (75)

Using the stepwise analyses, we calculated two multivariate discriminant functions, but 
only for the left hand, it reached accuracy greater than the univariate once. The developed 
multivariate function for left prints can be calculated using the following equation:

F = handprint breadth× 0.180 + palm length × 0.084 – 22.826.

If the score F obtained with the equation is greater than 0, the print belongs to a male, and 
if it is smaller, it belongs to a female individual. This discriminant function can classify 
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sex of an individual with 93% accuracy (93/100), 88% (44/50) for male, and 98% (49/50) for 
female prints.

Discussion

This study showed that selected handprint measurements exhibited statistically signifi-
cant sexual dimorphism in a Croatian population sample and provided statistical models 
that could estimate sex from handprints in Croatian population. This paper presents the 
first study of this type conducted in a Croatian population, and it is one of the two studies 
published on samples from European populations [13].

Right hand measurements were significantly greater than left in four variables as has 
been reported earlier with handprint measurements [4, 5], but also in the other types of 
anthropometric studies [22]. This type of asymmetry is often attributed to the use of the 
dominant hand [9], which conforms the fact that most of our participants were right-hand-
ed. However, it is a complex issue since previous studies showed that dimensions of the 
right side could be larger not only in right-handed individuals but also in left-handed and 
bimanual ones [9, 22]. So, to avoid additional sources of error, we examined prints from 
each side separately.

The handprint variables showed a degree of sexual dimorphism similar to the previous 
study by Ishak et al. [6]. In both that and our study, the measurements with the highest 
degree of sexual dimorphism were handprint breadth, handprint length, and palm length, 
whereas sexual dimorphism of complete finger lengths was less pronounced. The dimor-
phism of distal and middle finger lengths that were not previously used to estimate sex 
was also statistically significant but less pronounced in comparison to the other variables. 
The studies that used handprints to estimate height showed that those variables were less 
correlated to the stature in comparison to the handprint length [2, 16]. So, they are prob-
ably more prone to intra-sex variations, and less reflect body size differences between 
males and females.

The overall accuracy level (75%-93%) was also in line with the previous studies [6, 13], 
where it was 89%-91% [6] and 92% [13] when the same statistical procedures were ap-
plied. In the present study, the univariate discriminant function of the handprint breadth 
achieved the highest accuracy of 92% with no sexing bias, which is also a variable that 
performed best in the previous study. However, in that study, only handprint length and 
breadth achieved accuracy greater than 80% with sexing bias smaller than 5%, so research-
ers did not include the remaining variables for sex estimation [6]. On the contrary, in our 
research, five variables for the left hand and four variables for the right hand reached 
accuracy level equal or greater to 80% with a sexing bias less than 5%, which is why they 
could also be applicable for sex estimation. In practice, it means that sex can be reliably 
classified even if the partial handprint is available, e. g., if an interdigital area of the palm 
is available (handprint breadth), or if finger lengths can be measured. 

Using a stepwise analysis, we developed one multivariate discriminant function with two 
variables that could estimate sex accurately for 93% of prints, which was also in accor-
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dance with previous studies [6, 13]. However, due to the high sexing bias (10%), we suggest 
estimating sex using the univariate function of the handprint breadth that had the highest 
accuracy and smallest sexing bias. When results of the present research are compared 
to recent research conducted on the direct hand measurements, it is evident that they 
follow a similar pattern of sexual dimorphism and show a similar relative contribution of 
variables in sex estimation models [6, 10]. Specifically, the most important variables were 
hand breadth, palm length, and hand length, which is probably one of the reasons why 
some studies use only those variables [12].

As a study limitation, we should consider that the sex estimation standards were devel-
oped on the limited sample size, which could be attributed to the type of material used 
in the study. Specifically, handprints are sensitive biometric data that can be misused, 
which is probably why many refuse to participate in the research. Due to the convenience 
sampling strategy, we also could not claim that sample uniformly included people from 
all regions, even though we collected most of the samples at the second largest university 
in Croatia that is attended by the students from all over the country. For this reason, the 
sample should be furtherly extended to target different regions, or the method should be 
validated on an independent sample of known regional structure. It is also important to 
stress that, like in previous research of this type [4, 6], handprints were taken in controlled 
conditions that are not always found in real-life crime scenes. For example, a hand can be 
in a different position when leaving a handprint; it can be arched, bent, loosened, etc. [1], 
and the amount of hand pressure could also be different [6]. Additional factors that could 
impact shape or dimensions could be hand movement to the latent print, as well as visibil-
ity of the latent print and print developing method. So, the results of the study should be 
implemented with caution.

In the present study, we developed statistical models that could be used to classify sex 
from complete or partial handprints. However, as crime scene can often contain even 
smaller segments of the prints left and recovered in different conditions, the present re-
search could not cover all the possibilities. Therefore, we plan to extend our research to 
the others part of the hand, e. g., fingerprints [23] and other isolated palmar regions [24, 
25], and to test methods in real-life situations considering the factors that could impact the 
features of the print.
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