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Abstract

Aim. The aim of the study was to determine the accuracy of linear measurements using a computer program 
on a photogrammetric 3D model of the jaw in comparison with instrumental measurement of a plaster model.
Materials and methods. The object of the study was a  plaster model of the upper jaw with applied 
control points and its virtual three-dimensional copy obtained by photogrammetry. Fifty experts measured 
7 arbitrary distances between the control points on the plaster model of the jaw using an electronic calliper 
and on the surface of the photogrammetric 3D model using the linear measurement tool of the Zephyr 
software. The obtained numerical data were analysed in the JASP statistical processing software.
Results. On average, the difference between the absolute numerical data obtained by the two methods was 
0.22 mm. When comparing two independent samples by the Mann-Whitney U-test, a statistically significant 
difference was recorded in the cases of determining Distance 1 (W  = 561; p = 2.045×10‑6), Distance 2 
(W = 897; p = 0.015) and Distance 4 (W = 777; p = 0.001), whereas the comparison of the measurements of 
Distance 3 (W = 1227; p = 0.88), Distance 5 (W = 1215.5; p = 0.81), Distance 6 (W = 1098.5; p = 0.30) and 
Distance 7 (W = 1147; p = 0.48) did not show a statistically significant difference.
Conclusions. The difference between the two measurement methods was comparable to the results of other 
researchers. The analysis of the results proved that computer measurement on a 3D model is 27% better by 
the standard deviation criterion, 28% better by the mean error criterion, and 26% better by the coefficient of 
variation. Thus, the analysis of the above statistical indicators confirms the high level of reproducibility and 
accuracy of computer measurement results compared to the instrumental performance.

Keywords: photogrammetry, technology, digital dentistry, measurement techniques, digital twin, 
digital dental model

INTRODUCTION

Contemporary medical science has in its disposal 
a  wide range of diagnostic methods that can determine 
the state of different parts of the human body with 
unprecedented accuracy and speed  [18]. This refers to 
the computer processing of information with the receipt 
of a  huge arrays of numerical data  [16]. Laboratory and 
paraclinical methods of primary material analysis are 
based on the technical properties of sensor equipment and 
the features of specialized software packages enabling 
the systematization and synthesis of the final outcomes 
to meet researcher’s needs  [8, 9]. The combination of 
a  high-resolution smartphone camera and a  special 
software application that «stitches» isolated photographs 
of a  physical model into an integrated three-dimensional 

copy of an object is becoming an increasingly common 
technical solution not only in medicine but in other fields 
such as construction, archaeology, and geology [13, 17].

A  striking example of the possibilities mentioned 
above is the transformation of the physical human body 
or its individual parts into three-dimensional prototypes or 
models. Their study provides remarkable opportunities for 
both diagnostic research and treatment process  [10, 11]. 
In particular, manipulation of 3D models of the jaws has 
become an integral part of orthopedists’, orthodontists’, 
surgeons’, and dental technicians’ professional routine. 
The research results demonstrate the possibility of 
creating a 3D prototype of a jaw model without expensive 
equipment, such as laser scanners [19]. A separate area of 
scientific study deals with obtaining a  high-precision 3D 
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dental model using smartphones [15]. The implementation 
of such a  protocol was made possible by utilizing the 
photogrammetry capabilities of common devices [14].

However, complexes containing a  sensor part for 
capturing the required information from a  physical model 
and software products for creating 3D models differ 
significantly and are currently the copyright property 
of different research teams. The comparison of these 
complexes directed to the identification and generalization 
of the main regularities and determination of the accuracy 
level of the obtained data appear to be urgent tasks. 
Given that the generation of a  three-dimensional model is 
a  process that primarily depends on a  personal computer 
performance, we were faced with the task of developing an 
algorithm for creating a 3D model in an iPhone application.

AIM

The aim of the study is to define the accuracy of 
linear measurements on a 3D model of the jaw obtained by 
photogrammetry using a  smartphone and a  suggested set 
of software programs in comparison with the conventional 
instrumental measurement of a plaster model.

MATERIALS AND METHODS

The presented cross-sectional analysis was 
conducted on the basis of the scientific laboratory of the 
Department of Propaedeutics of Prosthetic Dentistry of 
Poltava State Medical University. The subject of the study 
was the accuracy of measuring the distances between 
two specified reference points on the surface of a  three-
dimensional model of the jaw in comparison with the 
data received by manual measurement of a  physical 
model using an electronic calliper. The object of the study 
was a  plaster model of the upper jaw with the reference 
points, and its virtual three-dimensional copy (Fig.1). 
Measurements were made in millimetres, with an 
accuracy of two decimal places. The measurement tasks 
were determining the distances between the reference 
points on the surface of the plaster model: Distance 1: 
distance between the distal palatal tubercles of teeth 
16 and 26; Distance 2: distance between the palatal 
surfaces of teeth 15 and 25; Distance 3: distance between 
the apices of the buccal tubercles of teeth 14 and 24; 
Distance 4: distance between the palatal surfaces of teeth 
12 and 22; Distance 5: distance between the vestibular 
surfaces of teeth 16 and 13; Distance 6: distance 
between the vestibular surfaces of teeth 11 and  21; 
Distance  7:  distance between the vestibular surfaces of 
teeth 23 and 26. The measurements of the plaster model 
were held with the help of a handheld electronic calliper. 
The measurements on the 3D model were performed 
using the Zephyr pro v.7.531 (3DFlow, Italy). A  three-
dimensional model of the upper jaw was obtained 
according to the following algorithm.

Stage 1: taking 108 photographs of the plaster 
model with pre-marked reference points from different 
angles according to the photogrammetry rules. The 
photos were taken with a  6.86mm /f1.78 tripod camera 
with a  matrix resolution of 4032 by 3024 pxl using an 
iPhone14Pro smartphone from a  distance of 40 cm to 
the object. The model was placed on graph paper for 
further calibration and photographed in daylight indoors. 
Stage 2: transferring the photos to the PolycamLidar 3D 
scanner app (©2022 Polycam) for iPhone, generating 
a model in RAW mode and exporting it in obj. format to 
be sent by an email. Stage 3: importing the 3D model into 
Zephyr Pro v.7.531 (3D Flow, Italy), which was used for 
calibration and all further measurements. Calibration of 
the model involved determining the distances between 12 
points that formed 3 conventional squares in millimeter 
divisions around the object. Setting a  known distance 
between the calibration points automatically transformed 
the virtual model. The length of segments between the 
points on the 3D model was defined with the help of the 
Quick Measurements tool. In this case, the computer 
cursor was placed in the middle of the first point and, after 
clicking, was dragged to the middle of the second point. 
After clicking again, a  segment with a  numerical value 
appeared on the screen. The numerical data obtained in 
this way were entered into a summary Excel spreadsheet 
and exported to the statistical processing program JASP 
V.0.18.3 (University of Amsterdam, Netherlands). In the 
statistical tables, the distances received with the help of 
a  calliper were labelled «manual», while the distances 
measured with a computer were named «digital».

Figure 1. A  virtual model of the upper jaw with reference points 
used for measuring distances (1) and points applied to the millimetre 
markings of the model for its further calibration (2).

The statistical analysis began with checking the 
correspondence of the type of the obtained numerical 
values distribution to the law of normal distribution and 
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detecting their parametric or non-parametric type. In 
doing so, the null hypothesis that the distribution of data 
in the general population conforms to the above law was 
tested. On the contrary, the alternative hypothesis would 
indicate that the distribution of numerical values in the 
population does not follow the law of normal distribution. 
The Shapiro-Wilk test was chosen as a  tool for this 
purpose. The critical level of significance for testing 
statistical hypotheses in this study was 0.01. The results 
in the two groups of measurements were compared using 
descriptive statistics tools, namely: Standard Deviation 
(SD) as an indicator of variability or dispersion of data in 
a  sample, Standard Error (SE) as an error that measures 
the accuracy of the estimation of the sample mean, and 
Coefficient of Variation (CV) as a statistical indicator that 
measures the relative amount of data dispersion.

Given that the mean values of the measurements 
received by the two methods had both normal and non-
normal distributions in the population, it was decided to 
employ a  tool for comparing non-parametric samples, 
namely the Mann-Whitney test for independent samples. 
The difference between the SD, SE and CV was 
additionally presented as a percentage. Fifty dentists were 
invited as experts to carry out the measurement. They 
received detailed guidelines on the correct techniques 
for both manual and computerized measurements. Each 
expert took a  24‑hour break between measuring the 
physical and virtual models.

RESULTS

The distance between the reference points on the 
distal palatal tubercles of teeth 16 and 26 (Distance 1) when 
measured with callipers was on average 43.5 mm with 
a confidence interval (95% DI) of 43.34 to 43.58 (Shapiro-
Wilk P value = 7.302 × 10‑6). At the same time, the 
average value of this distance in the digital measurement 
of the 3D model was 43.8 mm with a 95% DI of 43.75 to 
43.82 (Shapiro-Wilk P value = 0.1), which is 0.3 mm more 
in absolute terms. The distance between the reference 
points on the palatal surfaces of teeth 15 and 25 (Distance 
2)  according to the results of manual measurement was 
36 mm with 95% DI from 35.8 to 36.2 (Shapiro-Wilk 
P value = 1.404×10‑6). The computer measurement of this 
distance gave a value of 36.4 mm in the confidence interval 
from 36.38 to 36.47 (Shapiro-Wilk P value = 0.002), and, 
therefore, was 0.4  mm greater. The distance between the 
control points at the apexes of the buccal tubercles of teeth 
14 and 24 (Distance 3) was 45.7 mm with a 95% CI of 45.51 
to 45.92 (Shapiro-Wilk P value = 0.25). This distance on the 
virtual model equalled 45.7 mm with a 95% CI of 45.59 to 
45.73 (Shapiro-Wilk Pvalue = 1.012  ×10‑8). Thus, in this 
case, the difference was 0.08 mm in the minimum level 
of the confidence interval and 0.19 mm in the maximum. 
The distance between the reference points on the palatal 
surfaces of teeth 12 and 22 (Distance 4)  when measured 

with a  calliper was 23.7 mm with a  95% CI of 23.56 to 
23.94 (Shapiro-Wilk P value = 1.551  ×  10‑4), while its 
measurement on the virtual model gave a value of 24.1 with 
a  95% CI of 24.06 to 24.19. Thus, the difference between 
the mean values in this case reached 0.4 mm. The distance 
between the reference points on the vestibular surfaces of 
teeth 16 and 13 (Distance 5) according to the results of the 
instrumental measurement was 28.1mm with 95% DI from 
27.86 to 28.28 (Shapiro-Wilk P value = 8.731 × 10‑9). The 
virtual measurement of the same distance showed a  value 
of 28 mm with a 95% DI range of 27.94 to 28.05 (Shapiro-
Wilk P value = 2.161×10‑4). The difference in the absolute 
value of the means in this case was 0.1 mm. The distance 
between the reference points on the vestibular surfaces 
of teeth 11 and 21 (Distance 6)  when measured manually 
was 10.3 mm with a  95% DI of 10.14 to 10.39 (Shapiro-
Wilk P value  =  0.005). When measured on the 3D model, 
this distance equalled 10.35  mm with a  95% DI range of 
10.32 to 10.38 (Shapiro-Wilk P  value  = 0.018). Thus, the 
difference in the mean value was 0.05  mm. Finally, the 
distance between the reference points on the vestibular 
surfaces of teeth 23 and 26 (Distance 7)  measured with 
a  calliper was 27.5 mm with a  95% CI of 27.30 to 27.79, 
while the computer measurement was 27.6 with a 95% CI of 
27.57 to 27.7 (Shapiro-Wilk P value = 1.326 × 10‑6). Thus, 
there is a statistical difference of 0.1 mm between these two 
measurement methods.

To summarise, the absolute value of the means 
is higher in all cases of computer measurements on 
the 3D model, with the difference in numerical values 
ranging from 0.05 (Distance 6)  to 0.4 (Distance2 and 
Distance 4). The difference between the measurement 
results of the two methods in absolute numbers is on 
average 0.22 mm. According to Mann-Whitney, the null 
hypothesis (there is no statistical difference between the 
values of the measurements by the two methods) was 
rejected in the following cases: Distance 1 (W  = 561; 
p = 2.045×10‑6), Distance 2 (W  = 897; p = 0.015), and 
Distance 4 (W  = 777; p = 0.001), while the comparison 
of the measurements for Distance 3 (W  = 1227; 
p  =  0.88), Distance 5 (W  = 1215.5; p = 0.81), Distance 
6  (W  =  1098.5; p = 0.30), and Distance 7 (W  = 1147; 
p  = 0.48) confirmed the null hypothesis: there was no 
statistically significant difference between the results of 
the two measurement methods.

The accuracy of the measurements in terms of 
results reproducibility the was evaluated by SD, SE, and 
CV with the percentage difference. In case of Distance 1 
measurements, the SD for the manual measurement was 
0.42, while for the computer measurement it was 0.11 
(26%). For Distance 2, the corresponding figures were 
0.79 and 0.16 (20%). When measuring Distance 3 with an 
electronic calliper, the SD was 0.72, and when measuring 
the virtual model with a  computer, it was 0.25 (35%). 
The instrumental assessment of Distance 4 yielded an 
SD value of 0.66, while the computer measurement was 
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0.22 (33%). The SD values for Distance 5 were 0.74 for 
the instrumental and 0.2 for the computerised versions, 
respectively (27%). Distance 6 was measured with callipers 
with an SD value of 0.45, while the computer measurement 

was 0.1 (22%). Finally, the SD value for Distance 7 was 
0.86 for the instrumented and 0.22 for the computerised 
versions, respectively (25%). Thus, the average SD 
difference for the seven measured distances was 27%.

Table 1
Results of software comparison of measurement by two methods for seven distances

Independent Samples T-Test W p
Values for Distance 1 561.000 2.045×10‑6

Values for Distance 2 897.000 0.015
Values for Distance 3 1227.000 0.877
Values for Distance 4 777.000 0.001
Values for Distance 5 1215.500 0.815
Values for Distance 6 1098.500 0.298
Values for Distance 7 1147.000 0.480

The accuracy of the mean value (SE) estimation 
for Distance 1 was 0.06 for the instrumental and 0.02 
for the computerised versions (33%). For Distance 2, 
these figures were 0.11 and 0.02, respectively (18%). 
The SE for Distance 3 was 0.1 for the instrumental and 
0.04 for the computer-based measurement method (40%). 
The accuracy of the mean value of Distance 4 for the 
instrumental measurement was 0.09, while the computer 
version gave an indicator of 0.03 (33%). A similar figure 
for Distance 5 for the instrumental measurement was 0.1, 
and for the computer version – 0.03 (30%). Measuring 
Distance 6 with a  calliper yielded the SE at the level of 
0.06, while for the computer measurement this indicator 
was 0.01 (17%). For Distance 7, the corresponding 
values were 0.12 and 0.03 (25%). The average difference 
between the SE values in the groups was 28%.

The CV for the instrumented measurement 
of Distance 1 was 0.01, while for the computerised 

measurement it was 0.003 (30%). Measuring Distance 
2 with a  calliper resulted in a  CV of 0.02, while for the 
computer-based distance measurement it was 0.004 
(20%). A  similar comparison in case of Distance 3 
resulted in values of 0.02 and 0.006, respectively (30%). 
The instrumental measurement of Distance 4 provided 
a  CV of 0.03, while the software determination of 
this distance resulted in a  value of 0.009 (30%). The 
coefficient of variation for Distance 5 was 0.03 when 
measured with a  calliper and 0.007 when measured by 
a  computer (23%). When comparing the measurement 
options for Distance 6, the results were 0.04 for 
instrumented and 0.01 for the computer measurement, 
respectively (25%). For the instrumented measurement of 
Distance 7, the coefficient of variation was 0.031, while 
the computer measurement of this distance gave a  value 
of 0.008 (26%). Thus, the average CV difference when 
comparing the groups was 26%.

Table 2
The results of software evaluation of descriptive statistics data when comparing two measurement methods

Group Descriptives Group N Mean SD SE Coefficient of 
variation

Values for Distance 1 manual 50 43.462 0.416 0.059 0.010
digital 50 43.788 0.113 0.016 0.003

Values for Distance 2 manual 50 36.020 0.787 0.111 0.022
digital 50 36.430 0.159 0.022 0.004

Values for Distance 3 manual 50 45.720 0.724 0.102 0.016
digital 50 45.663 0.254 0.036 0.006

Values for Distance 4 manual 50 23.756 0.665 0.094 0.028
digital 50 24.127 0.220 0.031 0.009

Values for Distance 5 manual 50 28.072 0.736 0.104 0.026
digital 50 27.994 0.204 0.029 0.007

Values for Distance 6 manual 50 10.265 0.450 0.064 0.044
digital 50 10.349 0.100 0.014 0.010

Values for Distance 7 manual 50 27.547 0.858 0.121 0.031
digital 50 27.637 0.221 0.031 0.008

DISCUSSION

The research by Verma & Bourke (2022) proved 
the possibility of efficient use of affordable portable 
equipment with a  sufficient level of accuracy (horizontal 

error of 0.5 mm and vertical error of 0.3 mm on the scale 
of the total measurement area of 20 m2) in non-medical 
areas  [17]. Castilho et al. (2019) confirmed statistically 
the effectiveness of photogrammetry in cephalometric 
measurements, determining the correlation strength and 



Клінічна та профілактична медицина, № 5 (43) / 202534

ДОСЛІДЖЕННЯ

direction  [3]. Dabove et al. (2019), paid much attention 
to the issue of 3D model calibration in photogrammetry, 
which affects the ability to assess the linear and 
volumetric dimensions of the objects accurately and to 
perform diagnostic measurements on it [6].

Beri et al. (2022) presented their own protocol 
for comparing three methods of obtaining a  physical 
model, including: obtaining a  conventional print, 
fluorogrammetry, and 3D scanning  [2]. Lauria et al. 
(2022) demonstrated the combination of photogrammetric 
surveys with 54 photographs of an object and processing 
these photographs in Agisoft-Metashape software, 
which generates a  three-dimensional model  [11]. Stuani 
et al. (2019) executed image processing with the help 
of 3DF Zephyr Free software, which is applied in our 
work. The authors measured the distances between the 
canine tubercles and the mesio-cheek tubercles of the 
first molars. Comparison of the 3D models with plaster 
prototypes demonstrated coincidence ranging from 
0.433 to 0.611 mm with SD ±0.171 and a  repeatability 
coefficient of 0.474. These outcomes convert 
photogrammetry into a  viable technique for digitalising 
dental models [15].

Arapović-Savić et al. (2019) focused on the 
measurement of individual teeth, which showed that 
in absolute terms, the mean error value does not exceed 
0.3 mm, and the SD of the error is less than 0.1 mm. The 
authors state that differences in measurements of 0.2 mm 
are not significant in clinical practice  [1]. Cullen et al. 
(2021) conducted a review study focusing on the problem 
of the accuracy of object reproduction by digital methods. 
In particular, the researchers revealed that a  change 
in the volume of the copy compared to the prototype 
from –5% to +2.5 can be clinically significant, while 
a discrepancy from –10% to +5% leads to an unacceptable 
discrepancy [5]. Gomez et al. (2022) also reported on the 
results of physical measurement with digital callipers, 
scanners, and photogrammetric models, which achieved 
the known indicators of conditional accuracy, namely, 
the standard deviation of the mean from 0.074 mm to 
0.096 mm [7].

According to the findings presented by Mahmood 
et al. (2023), the dental models received with the 
help of photogrammetry demonstrate an anatomically 
recognizable morphology structures when compared 
visually with reference dental plaster models. It 
turned out that the average differences between the 
measurements ranged from 0.042 mm to 0.355 mm, being 
clinically acceptable (<0.5 mm)  [12]. Saif et al. received 
measurements of higher accuracy by scanning the models 
in terms of their volumes and surface areas, compared 
to the data received from photogrammetric models. The 
error in the volumetric estimation of the photogrammetric 
models ranged from 0.67% to 3.19%. Accordingly, for 
the surface area, the error fluctuated from 0.50% to 

1.89%  [14]. Based on the results of a  two-way ANOVA 
test, Zotti et al. (2022) concluded that a  coefficient of 
variation of less than 3% has a  statistically insignificant 
difference between the sizes of photogrammetric models 
and models obtained by other methods at p < 0.05. The 
authors considered photogrammetry to be one of the best 
options for obtaining photogrammetric models [19].

Thus, our study is different compared to the previous 
ones in terms of its technical aspect, that is the use of the 
Polykam photogrammetric software for generating 3D 
models for the iPhone at the intermediate stage, which 
allowed us to speed up the process significantly without 
using limited resources of a  personal computer. Further 
work on calibration and measurement was carried out 
in Zephyr, which is one of the few programs that fully 
solve the problem of generating, analysing and further 
using a  3D model. The obtained numerical data of 
measurements of the distances between reference points 
on the 3D model correlate with the results of manual 
measurements with a  calliper with a  degree of error 
comparable to the known sources.

CONCLUSIONS

According to the current sources, the enhancement 
of the photogrammetric method of obtaining jaw models 
is a  promising task. The use of Polykam software can 
significantly speed up the process of generating a  3D 
model, while using cloud storage without losing data 
accuracy when exporting by mail. The average numerical 
value of the difference between the manual measurement 
by an electronic calliper and the computer measurement of 
the 3D model is 0.22 mm, which is absolutely consistent 
with the results of similar studies conducted by other 
researchers. Comparison of the accuracy of distance 
measurement between the reference points showed that 
the computer measurement on the 3D model was more 
precise by an average of 27% in terms of SD, 28% in 
terms of SE and 26% in terms of CV.

Perspectives for further research. Obtaining 
reliable information on the accuracy of the computer 
version of measurements of diagnostic models of the jaws 
according to the suggested algorithm will allow us to 
use it both for dental scientific and practical purposes in 
the framework of the diagnosis, prognosis or monitoring 
of the treatment results. The promising areas of its 
implementation include studying the manifestations of 
dentition deformation, pathological abrasion of hard tooth 
tissues, planning of dental implantation with subsequent 
prosthetics.
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Резюме

ОЦІНКА ТОЧНОСТІ КОМП’ЮТЕРНОГО ВИМІРЮВАННЯ ФОТОГРАМЕТРИЧНОЇ МОДЕЛІ ЩЕЛЕПИ
Дмитро М. Король, Дмитро Д. Кіндій, Катерина Д. Тончева, Руслан В. Козак, Віталій В. Ярковий, 
Сергій Г. Зубченко, Михайло О. Рамусь

Полтавський державний медичний університет, м. Полтава, Україна

Мета. Метою дослідження було визначення точності лінійних вимірювань з  використанням комп’ютерної 
програми на фотограмметричній 3D моделі щелепи у порівнянні з інструментальним вимірюванням гіпсової 
моделі.
Матеріали та методи. Об’єктом дослідження була гіпсова модель верхньої щелепи із нанесеними 
контрольними точками та її віртуальна тривимірна копія, що була отримана методом фотограмметрії. 
П’ятдесят експертів виміряли 7 довільних відстаней між контрольними точками на гіпсовій моделі щелепи 
за допомогою електронного штангенциркуля та на поверхні фотограмметричної 3D моделі з використанням 
інструменту лінійного вимірювання програми Zephyr. Одержані числові дані аналізувалися у  програмі 
статистичної обробки JASP.
Результати. У  середньому різниця між абсолютними числовими даними, отриманими двома способами, 
становила 0,22  мм. При порівнянні двох незалежних вибірок за Mann–Whitney U – test зафіксовано 
статистично достовірну різницю у  випадках визначення Відстані 1 (W  = 561; p = 2,045×10‑6), Відстані 2 
(W = 897; p = 0,015) та Відстані 4 (W = 777; p = 0,001), тоді як порівняння вимірювань Відстані 3 (W = 1227; 
p = 0,88), Відстані 5 (W = 1215,5; p = 0,81), Відстані 6 (W = 1098,5; p = 0,30) та Відстані 7 (W = 1147; p = 0,48) не 
продемонстрували статистично значимої різниці.
Висновки. Різниця між двома способами вимірювання виявилася співставною з  результатами досліджень 
інших науковців. Аналіз результатів довів, що комп’ютерне вимірювання на 3D моделі є кращим за критерієм 
стандартного відхилення у середньому на 27%, за критерієм похибки середнього – на 28% та коефіцієнтом 
варіації – на 26%. Отже, аналіз вищевказаних статистичних показників підтверджує високий рівень 
відтворюваності та точності результатів комп’ютерного вимірювання у  порівнянні з  інструментальним 
виконанням.

Ключові слова: фотограмметрія, технологія, цифрова стоматологія, методи вимірювання, цифровий 
двійник, цифрова модель зубів
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