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Abstract

Some laser scanners utilize stepper motor-driven optomechanical assemblies to position the
laser beam precisely during triangulation. In laser scanners such as the presented Technical
Vision System (TVS), to enhance motion resolution, gear transmissions are implemented
between the motor and the optical assembly. However, due to the customized nature of
the mechanical design, errors in manufacturing or insufficient mechanical characterization
can introduce deviations in the computed 3D coordinates. In this work, we present a novel
method for estimating the degrees-per-step ratio at the output of the laser positioner’s
transmission mechanism using a stereovision system. Experimental results demonstrate
the effectiveness of the proposed method, which reduces the need for manual metrological
instruments and simplifies the calibration procedure through vision-assisted measurements.
The method yielded estimated angular resolutions of approximately 0.06° and 0.07° per
motor step in the horizontal and vertical axes, respectively, key parameters that define the
minimal resolvable displacement of the projected beam in dynamic triangulation.

Keywords: laser scanner; vision-based calibration; stereovision; gear transmission
characterization

1. Introduction
Three-dimensional scanning systems have proven to be essential tools across a wide

range of applications, including obstacle detection in dynamic environments [1], industrial
inspection and manufacturing tasks [2,3], and detailed 3D reconstruction for geometric
analysis or autonomous navigation [4,5].

Among the most commonly used technologies are camera-based systems, which
reconstruct the geometry of a scene from images using techniques such as disparity esti-
mation, followed by epipolar triangulation for 3D reconstruction [6–8]. However, a key
limitation of these passive systems is their reliance on adequate lighting conditions, which
constrains their performance in dark or poorly illuminated environments [9,10]. Beyond
passive stereo, photogrammetry and structured-light scanning are widely used in optical
metrology: the former reconstructs geometry from multi-view images, while the latter
projects coded/phase patterns to achieve high short-range accuracy. Both can be sensitive
to illumination and motion [7,8]. In contrast, active laser-based scanning systems can
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operate reliably even in complete darkness [11,12]. One widely used solution is the LiDAR
(Light Detection and Ranging) system, which applies the time-of-flight (ToF) technique
by measuring the temporal delay between the emission and reception of a reflected laser
pulse [4,12]. Nevertheless, ToF-based systems may suffer from limited angular accuracy,
especially in compact or low-cost implementations [13–15].

An alternative approach is the Technical Vision System (TVS), which relies on the
principle of dynamic triangulation [16,17]. In this system, a laser spot is projected onto the
target surface, and its reflection is captured by an optical sensor. Given the precisely known
emission and reception angles, the 3D coordinates of the laser spot can be computed using
trigonometric relations. A complete surface scan is achieved by systematically sweeping the
laser beam across the measurement field. In active triangulation systems, spatial accuracy
strongly depends on the fixed angular resolution of the projected laser beam [18–21].

The TVS includes a positioning subsystem that directs the laser beam toward specific
regions of interest using rotational actuators. This subsystem has been implemented
using both DC motors and stepper motors, with the latter being preferred due to their
ability to perform discrete angular movements, which facilitates accurate estimation of the
laser position [16,17]. Although the TVS uses an 808 nm near-infrared laser, the spatial
resolution of the system is primarily defined by the angular precision of the mechanical
laser positioner, rather than by optical wavelength or power [9,17].

Since the triangulation process critically depends on angular accuracy, it is essential
to ensure proper calibration of the mechanical components involved in laser beam steer-
ing [22]. In particular, mechanical transmissions can introduce both systematic and random
errors if parameters such as the degrees-per-step ratio are not accurately known [23–26].
Many TVS prototypes are conceived as low-cost alternatives using additive manufactur-
ing [9]. As a result, their mechanical transmissions are not standardized and often exhibit
variations arising from the manufacturing and assembly processes. Therefore, experi-
mental characterization of these components becomes necessary to ensure proper system
calibration [17].

Numerous studies have focused on the fusion of heterogeneous sensors and their
extrinsic calibration, which involves estimating the rigid transformation that spatially
aligns the reference frames of each system, enabling coherent data integration [17,27–29].
However, very few works explore the potential of such multisensor configurations to
estimate internal parameters of one of the constituent systems. In this work, we leverage
the data provided by the stereovision system to characterize a key mechanical property
of the Technical Vision System: the degrees-per-step ratio of the two gear transmissions
responsible for controlling the orientation of the laser beam within the positioner subsystem.
This approach not only enhances the accuracy of dynamic triangulation, but also enables the
development of autonomous robotic systems with self-calibration capabilities, eliminating
the need for external references or human intervention.

Non-contact calibration techniques based on virtual gear artefacts have been proposed
for validating vision-based gear measurement systems [30]. However, these approaches
remain focused on software-level verification and do not directly recover fundamental
transmission parameters (such as the effective degrees-per-step ratio) in fully assembled
3D laser scanners. In contrast, our stereovision-based method performs an in situ kinematic
characterization after system assembly, thereby accounting for mounting tolerances and
eliminating cumulative mechanical alignment errors. To ensure accurate stereo correspon-
dence and 3D reconstruction, the stereovision system was previously calibrated using
Zhang’s method [31], which provides intrinsic and extrinsic camera parameters from a
planar target. This camera calibration supports the metrological reliability of the proposed
angular estimation.
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In this study, the main objective is to propose a method for characterizing the me-
chanical transmission parameters of the Technical Vision System (TVS) by leveraging a
stereovision system as an auxiliary metrological reference. By segmenting the laser spot
projected onto a planar surface, we developed an algorithm capable of accurately estimat-
ing the angular displacement of the beam, thereby enabling precise quantification of the
degrees-per-step ratio in the gear transmission of the laser positioner subsystem. Experi-
mental results are provided to validate the effectiveness of the proposed algorithm. The
novelty of the presented method is that it provides a non-invasive and cost-effective alter-
native for accurate and automated characterization of the mechanical subsystem, reducing
reliance on manual measurement tools or direct intervention on the laser scanner—an
essential task to ensure the system’s metrological reliability.

2. Materials and Methods
This study employs two 3D scanning systems: a Technical Vision System (TVS) and

a two-camera module that constitutes a stereovision system. The stereovision system
serves as an external reference for calibrating the gear transmission mechanism of the TVS,
with the aim of improving the accuracy of its 3D measurements.

This section describes the operating principles of each system, the hardware configu-
ration, the experimental setup, and the procedures followed during the data acquisition
and calibration phases.

2.1. Stereovision System

A stereovision system consists of two cameras separated by a known horizontal
baseline and aligned vertically to ensure collinearity. After performing camera calibration,
which allows the estimation of the intrinsic parameters (such as focal length, principal point,
and lens distortion), both cameras can capture synchronized images of the same scene.

When a 3D point is simultaneously captured by both cameras, its projections appear at
different horizontal positions in each image. This difference, known as disparity, is the basis
for depth estimation. This disparity, which occurs along the horizontal axis for rectified
stereo pairs, can be exploited using the constraints of epipolar geometry to triangulate the
3D coordinates of the observed point.

Figure 1 illustrates the typical geometric configuration of a calibrated stereovision
system under the pinhole camera model. After calibration, the coordinate system is defined
at the optical center of the left camera (0, 0, 0), while the right camera center is located at
(b, 0, 0), with b representing the baseline distance along the x-axis. A 3D point P(x, y, z)
is projected onto the left and right image planes as (ul , vl) and (ur, vr), respectively. The
disparity between these horizontal coordinates, together with the known baseline b and
focal length f , enables the estimation of the depth z via triangulation.

2.2. Technical Vision System (TVS)

The Technical Vision System (TVS) performs 3D measurements using a technique
known as dynamic triangulation [16]. It is composed of two main subsystems: the posi-
tioner, which directs the laser beam, and the aperture, which serves as the optical reception
module that detects the reflected signal. The geometric alignment between these subsys-
tems is critical for ensuring metrological accuracy.

Figure 2 shows the overall configuration of the TVS and its two principal subsystems.
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Figure 1. Geometric configuration of a calibrated stereovision system.
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Figure 2. General configuration of the Technical Vision System (TVS).

In the positioner, the laser beam is emitted from the top and redirected by two 45◦

mirrors. The orientation of these mirrors is controlled by stepper motors, allowing precise
redirection of the laser beam. To improve angular resolution, the motors are coupled to
gear transmissions. Figure 3 details the components of the positioner.

On the other hand, the aperture subsystem is responsible for acquiring the reflected
laser beam. A rotating mirror collects the incoming light and directs it toward a photodiode,
which converts the optical signal into an electrical one. This signal is then digitized and
processed by a microcontroller. The angular position of the rotating mirror is synchronized
through an optical interrupter that detects a reference hole on an encoder disk. Figure 4
illustrates the optical acquisition subsystem, referred to as the aperture.

The 3D coordinates are computed using trigonometric relationships derived from the
law of sines. The angles of emission and reception, along with the known baseline distance
a, define a triangle from which the x, y, and z coordinates are computed as follows:

xij = a
sin Bij · sin Cij · cos ∑

j
j=1 β j

sin[180◦ − (Bij + Cij)]
(1)
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yij =

a
(

1
2 − sin Bij ·cos Cij

sin[180◦−(Bij+Cij)]

)
, if Bij ≤ 90◦

−a
(

1
2 +

sin Bij ·cos Cij
sin[180◦−(Bij+Cij)]

)
, if Bij > 90◦

(2)

zij = a
sin Bij · sin Cij · sin ∑

j
j=1 β j

sin[180◦ − (Bij + Cij)]
(3)

A two-axis scanning motion is achieved by driving the stepper motors horizontally
and vertically, while the rotating mirror in the aperture subsystem enables continuous
acquisition. The resulting point cloud accurately captures the scanned surface.

Stepper motor 
with gear 

transmission for 
horizontal 
movement

First 45° mirror (fixed)

Stepper motor 
with gear 

transmission for 
vertical movement

Rotating mirror

Laser

Emitted light 
beam

Figure 3. The positioner subsystem of the Technical Vision System (TVS).

Optical switch

DC Motor

Incoming light 
beam

Photodiode
45° rotating mirror

Figure 4. The aperture subsystem of the Technical Vision System (TVS).

2.3. Prototypes of Scanning Systems and Experimental Setup

The two scanning systems used in this study are shown in Figure 5. The first is a
customized prototype of the Technical Vision System (TVS), which features a baseline of
20 cm and employs a near-infrared laser with a wavelength of 808 nm. The second is a
low-cost commercial stereovision module (GXIVision) equipped with LSM22100 cameras.
The module integrates two 1 MP CMOS sensors (1280 × 720 pixels each) with 2.4 mm M12
lenses and operates with a fixed stereo baseline of 85 mm.



Metrology 2025, 5, 58 6 of 15

Figure 5. Prototypes of the Technical Vision System (TVS) and the stereovision system employed in
the experimental procedures.

Since the stereovision system was used as a ground-truth reference for the intrinsic
calibration of the TVS, it was first calibrated using Zhang’s method [31]. This technique
estimates both intrinsic and extrinsic parameters based on the observation of a planar
checkerboard with known grid spacing. It is particularly effective when multiple images
are acquired from diverse viewpoints, ensuring sufficient geometric variation.

The calibration target is shown in Figure 6. It consists of a 10 × 7 checkerboard,
yielding 54 inner corners. A total of twenty images were captured from different positions
and orientations to ensure wide field-of-view coverage and geometric richness. These
images were used to minimize the reprojection error through a non-linear optimization
process. Each square of the checkerboard measured 25 mm per side, which ensured
an appropriate scale relative to the 1280 × 720-pixel resolution of the stereo cameras.
This configuration provided sufficient spatial detail for reliable corner detection during
calibration and guaranteed that the laser spot, whose diameter spanned several pixels,
could be adequately sampled for accurate centroid estimation.

Figure 6. The checkerboard used for calibrating the stereovision system.

Once calibrated, the stereovision system was employed to capture the position of the
laser spot projected by the TVS. These 3D reference measurements were used to charac-
terize the two gear transmission mechanisms responsible for the horizontal and vertical
movements of the positioner. Accurate characterization of these mechanisms is essential
for precise 3D coordinate computation using the TVS.

Figure 7 shows both scanning systems and the planar target, all mounted on an optical
breadboard with dimensions of 80 × 50 cm. The flat surface, consisting of plain white
bond paper (40 × 40 cm), included no fiducial markers or predefined dimensions, as the
proposed method relies exclusively on laser spot segmentation across the surface. Notably,
the procedure does not require perfect planarity of the target surface, making it suitable for
practical, unprepared environments.
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Figure 7. Experimental configuration showing the Technical Vision System (TVS), the stereovision
module, and the planar calibration surface mounted on an optical breadboard.

A Teensy 4.1 microcontroller was used to control the stepper motors of the Techni-
cal Vision System (TVS). Communication with the host computer (Intel Core i5-10300H,
2.50 GHz, Windows OS) was established via a serial interface. Custom Python scripts exe-
cuted on the laptop were responsible for motor control, image acquisition synchronization,
and 3D coordinate computation.

2.4. Novel Estimation Method for Degrees-per-Step Ratio

This section presents the methodology for estimating the relationship between the
number of commanded motor steps and the resulting angular displacement of the laser
beam, after transmission through the gear mechanisms coupled to the motors. The approach
involves capturing the 3D coordinates of the laser impact point on a surface before and
after a controlled angular shift. From these data, the beam direction is computed in each
configuration, and the change in inclination is used to determine the angular resolution of
the system in units of degrees-per-step.

The methodology is illustrated in Figure 8. The procedure begins by projecting the
TVS laser beam onto a planar surface positioned at an arbitrary distance d1. It is essential
that the laser spot remains within the field of view (FoV) of both stereo cameras throughout
the process.

Rectify	
images	and	
segment	spot	
in	HSV	space

Capture	
stereo	

images	of	
laser	spot

Compute	
centroid	and	
triangulate	
3D	point		P₁		

Project	laser	
onto	�lat	
surface	at	
distance	d₁

Compute	
projected	

angles	θi	and	
θf.

Capture	point	
P₃	at	d₂

Move	surface	
to	new	

position	d₂,	
and	capture	
point	P₂		

Command	
horizontal	

beam	shift	by		
Nsteps

(θf-
θi)/Nsteps

Estimate	
resolution	as

Return	
surface	to	d₁	
and	capture	
point	P₄

Figure 8. Flowchart of experimental procedure for degrees-per-step ratio estimation.
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Next, stereo image pairs of the laser spot are captured using both cameras of the
stereovision system. These images are rectified to satisfy epipolar constraints, and a region
of interest is extracted and processed in the HSV color space to segment the laser spot
contour. Figure 9 shows an example of the segmentation result and the identification of its
centroid. Notably, the laser spot extended across multiple pixels in the images, ensuring
reliable centroid estimation relative to the 1280 × 720-pixel resolution of the stereo sensors.

Figure 9. An example of laser spot segmentation and centroid detection. The green contour outlines
the segmented region, while the red dot marks the computed centroid.

The centroid of the segmented spot, C1 = (xc, yc), is computed from the binarized
contour. This point, identified in both the left and right images, is then triangulated to
obtain the 3D coordinates of the laser spot, P1 = (X1, Y1, Z1), with respect to the stereo
reference frame.

Next, the flat surface is moved to a new arbitrary position d2, and the same acqui-
sition and processing steps are repeated to obtain a second 3D point P2 = (X2, Y2, Z2),
corresponding to the new impact location.

Horizontal displacement of the laser beam is then performed by commanding a known
number of motor steps, denoted as Nsteps. While the surface remains fixed at d2, a third
point P3 is acquired. The surface is then returned to its initial position d1, and a fourth point
P4 is registered.

This sequence results in two distinct point pairs: P1, P2 before the beam is shifted,
and P3, P4 afterward. Each pair defines a projected beam direction corresponding to a spe-
cific orientation of the mirror assembly driven by the stepper motor and gear transmission
within the positioner subsystem of the TVS.

Figure 10 illustrates the two projected trajectories of the laser beam in the XY plane,
corresponding to the beam directions before and after the commanded displacement of the
mirror assembly.

Analyzing a horizontal displacement, the direction of each beam can be modeled
in the XY plane, where the X-axis represents depth (i.e., distance from the stereovision
system), and the Y-axis corresponds to the lateral shift of the beam. The projected angle
is computed as the arctangent of the ratio between the horizontal displacement and the
depth variation, as shown in Equation (4):

θi = tan−1
(

Y2 − Y1

X2 − X1

)
, θ f = tan−1

(
Y3 − Y4

X3 − X4

)
(4)

The angular resolution of the system, defined as the degrees-per-step ratio, is com-
puted by dividing the difference in beam orientation angles by the number of commanded
motor steps:

Degrees-per-step ratio =
θ f − θi

Nsteps
(5)
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This procedure is repeated for all four directions of motion—left, right, up, and down—
to account for potential asymmetries introduced by the gear transmission, such as fabrica-
tion inconsistencies. In the case of vertical displacements, the analysis is performed in the
XZ plane, where the X-axis represents depth and the Z-axis corresponds to the height of
the laser spot.

 θi

d1

P3

P4

d2

ΔYf 

ΔXf 

 θf

ΔYi 

ΔXi 

P1

P2

Stereo Vision System

Aperture Positioner

Y

X

TVS

Figure 10. Angular trajectories of the laser beam projected onto the XY plane, before and after
mirror actuation.

3. Results and Discussion
To implement the proposed method for characterizing the degrees-per-step ratio,

a total of 24 independent experiments were conducted for each of the four movement
directions of the TVS positioner: left, right, up, and down. The horizontal displacements
(left and right) correspond to the Y-axis, while the vertical displacements (up and down)
are associated with the Z-axis; the X-axis represents the depth direction. The aim was to
experimentally evaluate the angular increment induced by each motor step, considering
that it is coupled to a gear-based mechanical transmission. This entire process is performed
without manual measurements, relying solely on the stereovision system as an auxiliary
metrological tool.

Figure 11 illustrates the 3D coordinate measurements obtained during an experiment
involving leftward displacement. Points P1 and P2 denote the initial position of the laser
beam prior to motor actuation, whereas P3 and P4 correspond to its location after executing
200 motor steps. Notably, P2 and P3 are captured on a second position of the planar surface,
which is shifted from an initial depth of approximately d1 = 17.5 cm to d2 = 27.5 cm.
The method demonstrates robustness against misalignments or placement inaccuracies of
the planar target on the optical bench, as the analysis relies on stereo triangulation using
3D world-coordinate data, which contains information about the three spatial components
of the laser spot and does not depend on the geometry of the optical breadboard.
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Figure 11. A 3D representation of the triangulated coordinates obtained during an experiment
involving leftward laser beam displacement.

By projecting these vectors onto the XY plane, the angular inclination of each trajectory
can be computed using the arctangent of the ratio between the lateral displacement and the
change in depth, as expressed in Equation (6):

θi = tan−1
(

Y2 − Y1

X2 − X1

)
, θ f = tan−1

(
Y3 − Y4

X3 − X4

)
(6)

Figure 12 displays the projected triangles used to estimate the initial and final angles
for the previously analyzed experiment.

Figure 12. Estimation of the laser beam angular displacement in the XY plane, based on the projected
trajectories before and after 200 motor steps.

In this particular example, the initial angle was measured as θi = 18.53◦, and the
final angle as θ f = 30.41◦, resulting in an angular difference of ∆θ = 11.89◦. Given that
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200 motor steps were applied during this experiment, the estimated ratio is presented in
Equation (7):

Degrees-per-step ratio =
θ f − θi

Nsteps
=

30.41◦ − 18.53◦

200
=

11.89◦

200
= 0.0594◦/step (7)

The described procedure was repeated for the remaining three directions of motion.
For rightward displacements, the same analysis in the XY plane was applied, whereas for
vertical movements (upward and downward), the analysis was conducted in the XZ plane.
In these cases, the depth axis was retained as the adjacent leg, and the vertical component
Z was used as the opposite leg for angular estimation, which is computed according to
Equation (8):

θ = tan−1
(

Zfinal − Zinitial
Xfinal − Xinitial

)
(8)

To assess the consistency of the results, the degrees-per-step ratio was graphically
represented for each direction of motion. Figures 13–16 show the corresponding plots for
the 24 experiments conducted per direction, including the overall mean and the tolerance
bands corresponding to ±1σ, ±2σ, and ±3σ.

Figure 13. The statistical distribution of the degrees-per-step ratio for leftward displacements.

Figure 14. The statistical distribution of the degrees-per-step ratio for rightward displacements.
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Figure 15. The statistical distribution of the degrees-per-step ratio for upward displacements.

Figure 16. The statistical distribution of the degrees-per-step ratio for downward displacements.

Table 1 provides a statistical summary of the 24 experiments conducted for each direc-
tion of motion. It reports the mean and standard deviation of the degrees-per-step ratio,
enabling a quantitative description of the system’s behavior in each case. For the horizontal
transmission, the leftward and rightward experiments yielded mean values of 0.059◦/step
and 0.062◦/step, with standard deviations of 8.08 × 10−4◦/step and 1.76 × 10−4◦/step,
respectively. The relatively small dispersion confirms the repeatability of the vision-based
estimation, while the difference between leftward and rightward mean values highlights the
directional anisotropy of the gear transmission. In the case of vertical motion, the upward
and downward directions yielded mean values of 0.069◦/step and 0.068◦/step, with stan-
dard deviations below 3.2 × 10−4◦/step.

Table 1. A statistical summary of the degrees-per-step ratio for each direction of motion.

Direction Mean [°/step] Standard Deviation

Left (X+) 0.059394 0.000808
Right (X−) 0.062023 0.000176

Up (Z+) 0.068974 0.000319
Down (Z−) 0.067865 0.000173
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Overall, the proposed method offers a non-invasive and automated solution for
characterizing the laser positioner, avoiding disassembly or manual measurements. Its
main limitation is the need to place a flat reference surface within the field of view, which,
although practical in many setups, may constrain certain mobile or irregular scenarios.

4. Conclusions
In this work, a stereovision system previously calibrated using Zhang’s method [31]

was implemented as a metrological reference for the characterization of the gear-based
transmission mechanisms in a Technical Vision System (TVS). This characterization is
critical for accurate 3D reconstruction based on dynamic triangulation, since the identified
parameter directly affects the precision of the computed 3D coordinates.

To evaluate the angular behavior of the TVS laser positioner subsystem, an experimen-
tal procedure was designed using the stereo system as an auxiliary measurement tool. This
strategy enabled a high-precision estimation of the degrees-per-step ratio for the stepper
motors in each motion direction of the laser positioner subsystem, including both horizon-
tal and vertical displacements. The integration of the stereo system enhanced robustness
against misplacements of the reference surface, thereby increasing the operational tolerance
of the method and facilitating its use in mobile or constrained environments.

The experimental results yielded a degrees-per-step ratio of 0.059◦ for leftward motion,
0.062◦ for rightward motion, 0.069◦ for upward motion, and 0.068◦ for downward motion.
These variations reveal directional anisotropy, likely caused by manufacturing tolerances or
assembly misalignments in the gear transmission. Such anisotropy is particularly relevant
when estimating the laser emission angle α in the dynamic triangulation method used
to compute 3D coordinates with the TVS. This angle defines the laser beam’s projection
direction and is determined exclusively by the control commands sent to the positioner,
as no feedback sensors are available to monitor its actual orientation. On the other hand,
part of the observed variability may be attributed to the limited specifications of the low-
cost stereo module employed in this study; nevertheless, the method proved feasible
and could benefit from higher-resolution cameras in future implementations, potentially
improving the segmentation reliability of the laser spot.

In addition to these experimental findings, and beyond the specific case of the TVS,
the proposed vision-based characterization method for gear transmissions can be extended
to other engineering systems that rely on stepper motor actuators. Potential applications
include robotic platforms with hand–eye vision systems, CNC machines, and additive man-
ufacturing equipment, where accurate motion transmission is essential and disassembly of
the mechanisms is impractical. Autonomous ground vehicles equipped with 3D scanning
modules for navigation, as well as agricultural robots and structural inspection systems,
can also benefit from such non-invasive characterization. These examples highlight the
versatility of the proposed approach as a general solution to maintain the accuracy of
gear-based transmission mechanisms across diverse application domains.

Therefore, accurate and automated characterization of the mechanical subsystem is
essential to ensure the metrological reliability of the TVS. The proposed method provides a
non-invasive and cost-effective solution that eliminates the need for manual measurement
tools or direct intervention on the laser scanner. It relies solely on two controlled dis-
placements of a planar surface placed in front of the system, which significantly simplifies
implementation and enables seamless integration into self-calibration routines. In fu-
ture work, this method is envisioned to be deployed on a mobile robot platform, where
the required spatial displacements can be performed autonomously by the robot itself,
eliminating the need to manipulate the calibration target manually.
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