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Abstract: The work presented in the paper describes a mechatronic test stand and technique employed
to determine the accuracy of a system developed by the authors to assist optometrists in measuring
parameters used in the customization of progressive lenses, as well as regular lenses. The system
aims to offer information about interpupillary distance, pantoscopic angle, and vertex distance, as
well as measurements useful in correctly mounting the lenses in the frames. This is conducted by
attaching a marker support system to the user’s frame and determining the user’s dimensions by
using image acquisition techniques performed via a custom application built for this purpose. In this
paper, a test mannequin is used to determine the accuracy of the system, with measurements being
compared to those obtained by using classic methods. This method is used to determine the accuracy
of the measurements in a controlled environment. Following the good results obtained in this paper
and pending some improvements to the application, clinical tests will be performed on a small scale
in selected optometrist offices.

Keywords: mechatronic system; characterization; optometry; automatic testing

1. Introduction

The present work represents a logical continuation of the research developed by
the authors in the previously published papers [1,2] that refer to the complaint system
executed by additive technologies with possible uses in the field of personalized clinical
optometry. The first paper [1] is mainly based on the design and technology of obtaining an
important part of the proposed system-compliant mechanism for marker support, which
directly fastens the glasses. Following the research carried out, several constructive options
were proposed for the mechanism, and in the end, the optimal geometry was chosen for
the given application, taking into account the anatomical, technical, and other important
aspects that can intervene and complicate the process of use and/or may possibly affect
the correctness of the data obtained during use. The choice of the optimal materials and
technology for obtaining the structures was also discussed, and justified-thermoplastic
materials and respectively Fused Deposition Modeling (FDM) technology from the family
of additive manufacturing were chosen. The choice of technology is mainly due to the
following considerations: the ease of use of the technology, the possibility of obtaining
complicated and personalized geometries in a relatively short time, and, at the same time,
the low production cost. Regarding the materials for the compliant mechanism, usual
thermoplastic materials used in FDM technology were proposed (PLA (Polylactic acid),
ABS (Acrylonitrile Butadiene Styrene), and TPU (Thermoplastic polyurethane)) based
on their adequate mechanical properties and availability. The sizing of the compliant
mechanism was based on the standards used in optometry regarding the dimensions of
spectacle frames and the lenses before they were cut and adjusted in the frames. In order
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to evaluate the displacement by applying the necessary force and implicitly the opening
of the gripping elements for fastening the glasses, a study was also carried out using the
finite element method, after which the mechanical behavior of the compliant mechanism
was estimated, and mechanical characteristics were determined such as the degree of
displacement, von Mises stress and equivalent strain for the three thermoplastic materials
proposed, comparing their mechanical performances of the materials when applying certain
loads. Furthermore, a comparative discussion about the 3D printed parts obtained by FDM
technology from three thermoplastic materials used and their 3D printing conditions and
parameters was addressed in the paper [1]; the authors also proposed an electro-pneumatic
experimental rig for testing 3D printed compliant mechanisms for marker supports.

The second paper of the authors [2] approaches the continuation, development, and
deepening of the studies in the first article and refers to the design and testing of the fully
compliant mechanism for complex personalized lenses in the field of clinical optometry.
In this study, the component elements that govern the interesting mechanical behavior of
the structures are introduced, as well as the optometric parameters that can be measured
and determined with the help of the developed compliant mechanisms: interpupillary
distance (both left and right), lens width (both left and right), lens height, bridge width,
pupil distance to lower part of the lens and so on. Also, mechanical analysis using finite
element method tools was performed for the fully compliant system in order to estimate
the behavior of the structure in the function of applied loads of work conditions for a
certain type of glasses before the execution of the mechanisms and to determine mechanical
characteristics of interest. Finally, the second study discusses the manufacturing testing
of developed different types of glasses, preliminarily evaluates the compliant mechanism
on a human patient, and presents the results obtained during the first image recognition
determination.

Figure 1 [1,2] shows the graphical summary and synthesis regarding the research
subjects of previous papers of the authors. The first case (left part of the figure) is about the
design, simulation, manufacturing, and testing of one of the most important components
of the mechanical structure of the system-grasping element [1], and the second paper
discussed similar things about the complete system of compliant mechanism (right part
of the figure) [2]. As shown in Figure 2, the complete system of the proposed compliant
mechanism consists mainly of several sections that allow the positioning of the marker
support (MS) sections in view of the measurements of interest of the specific optometric
parameters and the grasping mechanisms that practically fix the glasses to be investigated.
More details about the working principle and the mechanical behavior of the complete
compliant mechanism can be found in the previous paper of the authors [2].

The system supports the placement of markers in relation to a user’s face, enabling
the determination of specific dimensions based on the user’s facial features and selected
glasses frames. These dimensions include pupillary and interpupillary distance, glasses
frame curvature, pantoscopic angle on each side of the user’s face, and measurements
required for customizing the lens to fit the frames [3]. The markers, made of specific-colored
adhesive low-gloss paper, are positioned with a custom stencil to ensure accuracy. A chart
in Figure 3 illustrates the measurements possible with this system. By capturing close-
up and distant photos of the patient wearing the glasses and marker support setup, all
necessary parameters can be accurately determined.

Some of the measurements that can be obtained include the following:

- Interpupillary Distance (IDR) which consists of total, right, and left measurements
- Lens Width (LW) for both the left and right lenses
- Lens Height (LH) for the left and right lenses
- Bridge Width (BW)
- Distance from the pupils to the lower part of the lens (BHR and BHL)
- Pupil distance to the lower part of the lens for both eyes (BIL and BIR)
- Vertex Distance (VL and VD)
- Distance between the pupil and the lens (PAR and PAL)
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- Pantoscopic Angle Right (PAR) and Pantoscopic Angle Left (PAL)
- Glasses frame curvature (FC)
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Recent advancements in the optical and optometric fields, driven by additive tech-
nologies [4], have enabled the creation of personalized glass frames through additive
manufacturing [5–7]. This development marks the beginning of a transformative era in
optometry, allowing for highly customized frames. Selective laser deposition technology,
using metal or polymeric powders, has proven efficient in producing these frames with
minimal waste. Additionally, additive technologies facilitate the production of various
lenses and multifunctional components, enhancing optical systems and devices [8,9]. In
ophthalmology, bioprinting techniques for corneal reconstruction and other eye tissues
are showing promising results in advanced testing phases, offering significant future
benefits [10,11].

3D printing in medicine enables the creation of customized implants, prosthetics,
and surgical tools tailored to individual patients. It facilitates bioprinting for tissue and
organ regeneration, such as corneal and cartilage reconstruction. This technology enhances
precision in medical procedures, accelerates innovation, and significantly improves pa-
tient outcomes. This can be easily paired with image acquisition techniques that involve
capturing detailed images of the eye using technologies like OCT (Optical Coherence
Tomography), fundus photography, and corneal topography [12–15]. These images help
diagnose and monitor eye conditions, assess retinal health, and guide treatments, ensuring
accurate and effective patient care. This can be easily paired with the field of mechatronics,
which integrates robotics, electronics, and computer control for advanced surgical tools,
diagnostic devices, and patient care automation.

Considering the lines discussed above, the present paper aims to continue the research
topic by the authors, namely to conceive and develop a mechatronic rig device for the
testing and measuring the specific optometric parameters with the help of the complete
compliant mechanism in order to collect and to process the data obtained in the function
of some technical aspects of the measurements and to correct and choose the optimal
measurement conditions for possible implementation and use of this solution in clinical
and practical optometry.

In this paper, a semi-automatic test bench was built to allow the authors to test out
the marker support system and application proposed previously on a mannequin, starting
from known dimensions. This allows for a comparison to be made between classic methods
of obtaining key parameters as opposed to those obtained by means of the application
proposed in this paper. In this stage, the setup allows for testing of the method without
having to take into account the patient’s movement. Also, the system allows for a very large
number of measurements to be taken of the same subject–impossible with a human patient.
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2. Mechatronic Testing Device Design and Construction

In order to allow the apparatus to be tested, as well as calibrated for real-life measure-
ments, a test bench was designed and manufactured. The basic schematic for this is shown
in Figures 4 and 5. A mannequin head (3) is placed on a rotary platform (4) connected to a
stepper motor. This allows for movement in three increments: at 0, 90, and 180 degrees,
with the 90-degree position corresponding to the patient facing the tablet’s camera (1) while
the other two positions correspond to the user looking left and right. The assembly is
placed on a screw-driven linear axis (5 and 6), actuated by using a second stepper motor (8).
This allows the head to be placed at various distance increments relative to the camera of
the tablet and allows the impact of said distance on the measurements to be viewed. The
distances chosen are between 50 and 100 cm, with a 10 cm increment. These were chosen to
allow for the subject to be in full view of the camera at the closest range and the maximum
distance at which the markers (2) are still detected by the application. The tablet is placed
on a fixed support (9) that allows for the best in-focus position (10) of the camera relative to
the mannequin’s head. The entire assembly is placed on a support plate (7).

Appl. Sci. 2024, 14, 5345 5 of 21 
 

function of some technical aspects of the measurements and to correct and choose the 
optimal measurement conditions for possible implementation and use of this solution in 
clinical and practical optometry.  

In this paper, a semi-automatic test bench was built to allow the authors to test out 
the marker support system and application proposed previously on a mannequin, starting 
from known dimensions. This allows for a comparison to be made between classic meth-
ods of obtaining key parameters as opposed to those obtained by means of the application 
proposed in this paper. In this stage, the setup allows for testing of the method without 
having to take into account the patient’s movement. Also, the system allows for a very 
large number of measurements to be taken of the same subject–impossible with a human 
patient. 

2. Mechatronic Testing Device Design and Construction 
In order to allow the apparatus to be tested, as well as calibrated for real-life meas-

urements, a test bench was designed and manufactured. The basic schematic for this is 
shown in Figures 4 and 5. A mannequin head (3) is placed on a rotary platform (4) con-
nected to a stepper motor. This allows for movement in three increments: at 0, 90, and 180 
degrees, with the 90-degree position corresponding to the patient facing the tablet’s cam-
era (1) while the other two positions correspond to the user looking left and right. The 
assembly is placed on a screw-driven linear axis (5 and 6), actuated by using a second 
stepper motor (8). This allows the head to be placed at various distance increments relative 
to the camera of the tablet and allows the impact of said distance on the measurements to 
be viewed. The distances chosen are between 50 and 100 cm, with a 10 cm increment. 
These were chosen to allow for the subject to be in full view of the camera at the closest 
range and the maximum distance at which the markers (2) are still detected by the appli-
cation. The tablet is placed on a fixed support (9) that allows for the best in-focus position 
(10) of the camera relative to the mannequin’s head. The entire assembly is placed on a 
support plate (7). 

 
Figure 4. Basic schematic of the test stand, side view. Figure 4. Basic schematic of the test stand, side view.

Appl. Sci. 2024, 14, 5345 6 of 21 
 

 

Figure 5. Basic schematic of the test stand, front. 

The proposed system was designed using 3D software and assembled using a stand-
ard 20 mm × 20 mm aluminum extruded profile, along with connectors and t-slot fastening 
elements (Figure 6). Stepper motors used are common Nema 23 standard, along with 
TB6560 drivers and ESP32 microcontrollers. Head positioning is conducted in an open 
loop, while the linear axis is equipped with end stops. 

 
Figure 6. Mechatronic test bench, side view. 

The designed system allows faster measurements to be taken since a human is no 
longer involved, through automation of certain steps, but also for much better repeatabil-
ity and an overall lower level of errors. This also allowed us to determine what part of the 
errors was due to human interaction with the system. 

A total of three images can be captured using the device (Figure 7): one front and one 
for each side of the test mannequin. The measurements that can be taken from this are 
explained in Table 1. 

Figure 5. Basic schematic of the test stand, front.

The proposed system was designed using 3D software and assembled using a standard
20 mm × 20 mm aluminum extruded profile, along with connectors and t-slot fastening
elements (Figure 6). Stepper motors used are common Nema 23 standard, along with
TB6560 drivers and ESP32 microcontrollers. Head positioning is conducted in an open loop,
while the linear axis is equipped with end stops.
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The designed system allows faster measurements to be taken since a human is no
longer involved, through automation of certain steps, but also for much better repeatability
and an overall lower level of errors. This also allowed us to determine what part of the
errors was due to human interaction with the system.

A total of three images can be captured using the device (Figure 7): one front and one
for each side of the test mannequin. The measurements that can be taken from this are
explained in Table 1.
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Table 1. Optometric parameters that can be taken by measurements.

Image Step/Stepper Motor Angle Parameters

Front/0 degrees Interpupillary Distance, Semi-pupillary distance left
and right, Frame curvature, Lens height and width

Left/+90 degrees Pantoscopic angle left, Vertex distance left
Right/−90 degrees Pantoscopic angle right, Vertex distance right

3. Methodology Used for Measurements

The application to be used is developed solely for this purpose and features elements
that will allow the optometrist to explain the functionality of specific lens types, measure
the patient’s parameters using the software and marker frame, order lenses, and other
activities specific to their work, beyond the scope of this paper. As such, the paper will
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focus only on the measurement aspects and will only briefly mention the other parts of
the application.

The measurement module of the application allows for two modes of acquisition using
two different measurement modules. These are:

- Simple measurements: allowing for interpupillary distance and semi-pupillary dis-
tance for each eye. Along with these, measurements for the bridge of the frames, lens
mounting height, lateral parameters (pupillary height), and lens width and height will
be performed in this stage. This is performed for both far and close mounting of the
glasses so as to allow for customization of the final, regarding the different parameters
typically obtained in each case.

- Complex measurements: These complete measurements also allow for vertex distance
acquisition (distance from the pupil to the lens’s plane) as well as pantoscopic angle
for each side of the patient (left and right). Two measurements are taken to allow for
maximum customization of both the frames and progressive lenses.

The steps taken in each of the two measuring modes are presented in Figures 8 and 9.
With the system in the reference position (distance of 50 cm from the tablet, man-

nequin in front position), a frontal image is captured, and automatic marker recognition
is performed (Figure 10), followed by a boxing stage in which the edges of the glasses
frames are identified. This allows for measurements corresponding to Image Step 1 from
Table 1 to be acquired. Following this stage, the head is rotated 90 degrees to the left for
Step 2 (Figure 11). Following automatic marker recognition and measurements (panto-
scopic angle and vertex), the head is again rotated in the opposite direction, 180 degrees.
Acquisition of images relevant to Step 3 is performed, and measurements are taken. Even
though automatic color marker recognition and pupil recognition are automatic, some
adjustments are necessary and are performed by a human operator. The steps are repeated
for a number of 50 measurements, and then the mannequin is moved 10 cm further away
from the tablet. The previous steps are then redone, and the results are logged into the
application’s database.
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4. Results and Discussion

The proposed system was tested in the following conditions:

- Measurements were taken by an optometrist with no previous experience with the
application. Also, the optometrist was not given any information about the algorithm
used to determine the measured parameters so as not to influence the final result. In
addition to this, the real measurements were not communicated to the operator prior
to finishing the measurement cycle. Initial data is obtained by measuring the distances
and angles using basic methods: rulers and protactors.

- A total of approximately 50 measurements was taken for each point along the x-axis,
at 50, 60, 70, 80, 90, and 100 cm. Each measurement consisted of one frontal, one right,
and one left image. An average total of 150 images was captured and interpreted at 50
cm before moving on to 60 cm and so on.

- In total, over 300 measurements were taken, with over 900 images interpreted in total.
- Actual mannequin measurements are as follows:

# Interpupillary distance (ID): 51.5 mm
# Semi-distance left (IDL): 26.5 mm
# Semi-distance right (IDR): 25 mm
# Pantoscopic angle (PA): 8 degrees
# Vertex distance (VD): 11.5 mm

In the following part of the paper, the results obtained after the measurements are
presented and discussed as needed.

As previously mentioned, the results were determined for the interpupillary distance
(total (ID) and semi-distances (IDL and IDR)), pantoscopic angle, and vertex distance
depending on the distance to the target and compared with the real data.

The data obtained was interpreted in graphic form both for individual distances to the
target and concatenated in order to compare the dispersion of the results on all the distances
to the target approached. In addition, average measured distance, average absolute error
(modulus of the difference between the measured data and the real data), and standard
deviations for all parameters of interest were calculated and presented in graphic and
tabular form.

During the measurements, each set of data was uploaded individually to an online
private database and later downloaded for processing. The data revealed a clear difference
between taking the measurements at different distances from the mannequin, with absolute
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errors increasing for interpupillary distance from an average of 0.5 mm to over 2 mm, as
shown in Figures 12 and 13.
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Figure 12. (a) Interpupillary measurement at 50 cm; (b) Interpupillary measurement at 60 cm; (c) 
Interpupillary measurement at 70 cm; (d) Interpupillary measurement at 80 cm; (e) Interpupillary 
measurement at 90 cm; (f) Interpupillary measurement at 100 cm; (g) Comparison chart of error 
distribution obtained for interpupillary distance. 

Figure 12. (a) Interpupillary measurement at 50 cm; (b) Interpupillary measurement at 60 cm;
(c) Interpupillary measurement at 70 cm; (d) Interpupillary measurement at 80 cm; (e) Interpupillary
measurement at 90 cm; (f) Interpupillary measurement at 100 cm; (g) Comparison chart of error
distribution obtained for interpupillary distance.
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Figure 13. Comparative analysis of obtained results regarding the interpupillary distance measurement.

A detailed description of the errors at each distance was needed, as shown in Figure 12a–f.
Each of these graphs shows the actual average distance measured as line plots, as well as
the actual measured distance as points in each of the charts.

To further allow a trend to be observed, a general chart of the measurements was
plotted, as shown in Figure 12g. There is a clear increase in error over 70 cm, with the error
increasing the further the mannequin is from the tablet.

In the current case, the absolute errors for each distance could be attributed to the
movement of the camera by the optometrist during image acquisition or errors in image
recognition (color and pupillary markers).

Interpupillary distance measurement has also produced the semi-pupillary distance,
the distance between the center of the mannequin’s face and pupil. These measurements
were also plotted in graphs shown in Figure 14a–f, with a concatenated view in the graph
shown in Figure 14g. The same behavior can be observed as the absolute error increases
with lower precision in the obtained images.

The pantoscopic angle is the tilt of eyeglass lenses towards the cheeks, enhancing
vision and comfort. Vertex distance is the space between the back of the lens and the
front of the eye. Both are crucial for optimal lens performance, affecting visual clarity and
prescription accuracy.

As stated previously, measurements were also performed for the pantoscopic angle as
well as the vertex distance (distance between the pupil and the plane of the lens). Results
have shown that similar to interpupillary measurements, vertex distance is affected by
the distance at which the images are captured. This is shown in the other measurements
discussed further in the paper. The behavior is best observed in the latter, with the mea-
surements “drifting” towards lower values, with the increase in distance between the tablet
and the markers.

However, very little, if any, effect of distance over the pantoscopic angle was observed.
Regarding these measurements, since the mannequin does not feature any asymmetrical
characteristics, the measurements were considered identical for each side. These are also
shown in Figure 16a–f for each distance, along with Figure 16g, which offers a general
overview of the trend in the obtained values.
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Figure 14. (a) Interpupillary measurement at 50 cm; (b) Interpupillary measurement at 60 cm;
(c) Interpupillary measurement at 70 cm; (d) Interpupillary measurement at 80 cm; (e) Interpupillary
measurement at 90 cm; (f) Interpupillary measurement at 100 cm; (g) Comparison chart of error
distribution obtained for interpupillary distance.
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The following will present the main interpretations and findings resulting from the
experimental determinations according to the obtained parameters.

Analyzing the graphs in Figures 12 and 13 and Table 2, it is clearly seen how the
measured average ID increases and deviates from reality as the distance to the target
increases. The same general tendency can be observed in the case of average absolute
errors and standard deviations. Therefore, for a distance of 50 cm from the target, the
following data were obtained for the interpupillary distance: average measured distance
of 51.115 mm with a standard deviation (SD) of 0.416 and with maximum and minimum
values of 52.23 mm and of 50.34 mm, respectively and absolute average error from the
actual distance of 0.503 mm, appearing to be the most optimal distance from the target
among those investigated for the correctness of the measurements of this parameter. If
at 60 cm to target, the deviations from reality do not seem to increase significantly, being
comparable to those at 50 cm, starting with a distance to target of 70 cm, the results of
the measurements become more and more distant from the actual data, for example at 90
and 100 cm to target, having an average absolute error of 2.438 mm and 2.374 mm, almost
five times higher compared to a distance of 50 cm to target. Regarding the determined
semi-distances ((IDL and IDR) Figures 14 and 15 and Tables 3 and 4), it was found, in
general, a greater predisposition to errors for IDR—starting with a distance of 60 cm to
target—the average absolute errors exceed 1.25 mm (for IDL, the average absolute error
exceeds 1 mm compared to the real data only for the distance of 100 cm to target). Also, at
a distance of 100 cm, some significantly different results appear compared to the rest of the
measurements, this being visible on the graphs in Figure 14f,g through the points further
away from the rest of the data–very large distance to target representing an amplification
of possible errors caused by the human factor.

Table 2. Obtained data for interpupillary distance measurement.

Distance to
Target [cm]

Actual Distance
[mm]

Average Measured
Distance ± SD [mm]

Average
Absolute Error [mm]

Maximum Value
[mm]

Minimum Value
[mm]

50

51.5

51.115 ± 0.416 0.503 52.23 50.34
60 52.073 ± 0.366 0.598 52.73 51.09
70 52.881 ± 0.669 1.381 54.11 51.65
80 53.621 ± 0.643 2.121 54.92 52.09
90 53.938 ± 0.851 2.438 56.29 52.46

100 53.874 ± 0.826 2.374 55.35 51.92
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Table 3. Obtained data for interpupillary distance measurement (left).

Distance to
Target [cm]

Actual Distance
[mm]

Average Measured
Distance ± SD [mm]

Average
Absolute Error [mm]

Maximum Value
[mm]

Minimum Value
[mm]

50

26.5

25.806 ± 0.286 0.710 26.94 25.34
60 25.774 ± 0.220 0.726 26.38 25.27
70 26.266 ± 0.451 0.384 27.00 25.25
80 26.815 ± 0.415 0.438 27.46 25.88
90 27.252 ± 0.447 0.752 28.48 26.53

100 26.989 ± 1.406 1.142 28.42 21.73

Table 4. Obtained data for interpupillary distance measurement (right).

Distance to
Target [cm]

Actual Distance
[mm]

Average Measured
Distance ± SD [mm]

Average
Absolute Error [mm]

Maximum Value
[mm]

Minimum Value
[mm]

50

25

25.309 ± 0.239 0.330 25.75 24.81
60 26.298 ± 0.291 1.298 26.92 25.56
70 26.616 ± 0.465 1.616 27.38 25.46
80 26.806 ± 0.471 1.806 27.85 25.98
90 26.688 ± 0.555 1.688 28.04 25.52

100 26.885 ± 1.423 1.885 32.11 25.50

When it comes to the pantoscopic angle (Figures 16 and 17 and Table 5), there is
generally a tendency to decrease the measured angle and move away from the real angle
when the distance to the target increases. The closest results to reality this time, too, are
obtained for the distance to the target of 50 cm. The distance to the target for measuring
the pantoscopic angle does not greatly affect the dispersion of the results compared to the
obtained averages nor the average absolute errors up to a distance to the target of 80 cm
(inclusive); the visible differences in the absolute errors becoming apparent at 90 cm and
100 cm to target. Finally, vertex distance measurements (Figures 18 and 19 and Table 6)
confirm that the distance of 50 cm to the target is the most suitable for performing the
measurements in terms of accordance with the actual data. With the increase of the distance
to the target, a successive increase of the vertex distance and a distance from the actual
vertex up to a distance to the target of 90 cm can be observed, at the same time increasing
the average absolute errors. However, the deviations from the average obtained for the
measured values are located in an approximately comparable range for all the distances
involved in the experimental research to determine the vertex distance.
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Figure 16. (a) Pantoscopic angle measurement at 50 cm; (b) Pantoscopic angle measurement at 60 
cm; (c) Pantoscopic angle measurement at 70 cm; (d) Pantoscopic angle measurement at 80 cm; (e) 
Pantoscopic angle measurement at 90 cm; (f) Pantoscopic angle measurement at 100 cm; (g) Com-
parison chart of error distribution obtained for pantoscopic angle. 

Figure 16. (a) Pantoscopic angle measurement at 50 cm; (b) Pantoscopic angle measurement at
60 cm; (c) Pantoscopic angle measurement at 70 cm; (d) Pantoscopic angle measurement at 80
cm; (e) Pantoscopic angle measurement at 90 cm; (f) Pantoscopic angle measurement at 100 cm;
(g) Comparison chart of error distribution obtained for pantoscopic angle.
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Figure 18. (a) Interpupillary measurement at 50 cm; (b) Interpupillary measurement at 60 cm; (c) 
Interpupillary measurement at 70 cm; (d) Interpupillary measurement at 80 cm; (e) Interpupillary 
measurement at 90 cm; (f) Interpupillary measurement at 100 cm; (g) Comparison chart of error 
distribution obtained for vertex distance. 

 
Figure 19. Comparative analysis of obtained results regarding the vertex distance measurements. 

  

Figure 18. (a) Interpupillary measurement at 50 cm; (b) Interpupillary measurement at 60 cm;
(c) Interpupillary measurement at 70 cm; (d) Interpupillary measurement at 80 cm; (e) Interpupillary
measurement at 90 cm; (f) Interpupillary measurement at 100 cm; (g) Comparison chart of error
distribution obtained for vertex distance.
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Table 5. Obtained data for pantoscopic angle measurements.

Distance to Target
[cm] Actual Angle [◦] Average Measured

Angle ± SD [◦]
Average

Absolute Error [◦]
Maximum Value

[◦]
Minimum Value

[◦]

50

8

8.084 ± 0.461 0.387 8.79 7.24
60 7.767 ± 0.467 0.443 8.60 7.07
70 7.853 ± 0.485 0.406 8.51 7.04
80 7.686 ± 0.396 0.409 8.38 6.81
90 7.336 ± 0.465 0.689 8.18 6.60
100 7.333 ± 0.443 0.695 8.18 6.69

Table 6. Obtained data for vertex distance measurements.

Distance to Target
[cm]

Actual Distance
[mm]

Average Measured
Distance ± SD

[mm]

Average
Absolute Error

[mm]

Maximum Value
[mm]

Minimum Value
[mm]

50

11.5

11.519 ± 0.342 0.298 12.10 10.94
60 11.680 ± 0.339 0.320 12.27 11.17
70 11.766 ± 0.399 0.414 12.28 11.10
80 11.965 ± 0.409 0.537 12.49 11.30
90 12.122 ± 0.353 0.622 12.67 11.56
100 12.075 ± 0.324 0.575 12.66 11.56

5. Conclusions

In the field of optometry, there is a constant demand for more precise and user-
friendly equipment that enhances the customization of lenses. This paper presents a system
designed to meet this need, addressing both hardware implementation and software used
for processing. Previous research has detailed the development of a compliant mechanism
created through additive manufacturing, which supports color markers to determine the
position of glass frames relative to the patient’s eyes.

A software application featuring a measurement module, whose usage and results
are highlighted in this paper, was developed. This module captures and processes images,
automatically detecting color markers and facial features, particularly the pupils. Using this
data, an algorithm embedded in the application (not detailed in this paper) provides mea-
surements crucial for lens customization: interpupillary distance, pantoscopic angle, vertex
distance, and other parameters necessary for fitting the lens template to the user’s frames.

The authors have also developed a mechatronic test bench and a methodology for
testing the proposed system, comparing the application’s results with real-world values.
This setup ensures that external disturbances minimally impact the measurement results.

Analyzing the graphs shown in the paper, it is clearly seen how the measured average
interpupillary distance increases and departs from reality as the distance to the target
increases. The same general tendency can be observed in the case of average absolute
errors and standard deviations. Therefore, a standard distance needs to be imposed during
measurements, or a compensation mechanism needs to be implemented on the software
side in order to allow for measurements to be taken from different distances.

The data obtained were interpreted graphically for individual target distances and
combined to compare result dispersion across all target distances. Average measured
distance, average absolute error, and standard deviations for all relevant parameters were
calculated and displayed in both graphic and tabular forms.

The data, saved in an online database and later processed, showed significant dif-
ferences based on the distance from the mannequin. Absolute errors for interpupillary
distance increased from an average of 0.5 mm to over 2 mm. Detailed error analysis for
each distance is presented in the paper figures, depicting actual distances and average
measured distances with line plots and data points.



Appl. Sci. 2024, 14, 5345 19 of 20

A general trend chart demonstrated a clear increase in errors beyond 70 cm, with
errors rising as the mannequin’s distance from the tablet increased. The absolute errors
at each distance were likely due to camera movement by the optometrist during image
acquisition or errors in image recognition (color and pupillary markers).

Using the current results as a starting point, further work will be conducted to prepare
the system for real-life testing. Efforts are currently being made to introduce the system in
a number of optometrist’s offices, where, with the help of qualified professionals, a first set
of information will be used to perfect the system further.
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