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Abstract 
Constant-speed motion is a cornerstone concept in introductory physics courses; however, its experimental 
demonstration has historically presented a significant practical challenge. In response, we introduce the design, 
construction, and classroom implementation of a low-cost, 3D-printed constant-velocity car (with a material cost of less 
than 10 USD), developed using open-source software (FreeCAD) and readily available components. Complementing 
this apparatus, we propose an approach for integrating this resource with inquiry-based methodologies to foster 
epistemologically authentic scientific inquiry. The associated learning sequence prioritizes the interpretation of 
kinematic graphs (specifically position-time and velocity-time plots) and investigates how their representation is 
fundamentally governed by the choice of reference frame. Video-based motion analysis confirms a mean vehicle speed 
of approximately 6 cm/s. Minor observed oscillations are treated not as measurement error, but as a tangible illustration 
of the physical constraints inherent in materializing the idealized construct of uniform motion. This project demonstrates 
how strategically merging accessible technology can democratize access to high-quality, low-cost educational tools. 
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Resumen 
El movimiento a velocidad constante es un concepto fundamental en los cursos introductorios de física; sin embargo, 
su demostración experimental ha presentado históricamente un desafío práctico significativo. En respuesta, presentamos 
el diseño, la construcción y la implementación en clase de un coche a velocidad constante de bajo costo impreso en 3D 
(con un coste material de menos de 10 USD), desarrollado utilizando software de código abierto (FreeCAD) y 
componentes fácilmente disponibles. Complementando este aparato, proponemos un enfoque para integrar este recurso 
con metodologías basadas en la investigación para fomentar una investigación científica epistemológicamente auténtica. 
La secuencia de aprendizaje asociada prioriza la interpretación de los grafos cinemáticos (específicamente las gráficas 
posición-tiempo y velocidad-tiempo) e investiga cómo su representación se rige fundamentalmente por la elección del 
marco de referencia. El análisis de movimiento basado en vídeo confirma una velocidad media del vehículo de 
aproximadamente 6 cm/s. Las oscilaciones menores observadas no se tratan como un error de medición, sino como una 
ilustración tangible de las limitaciones físicas inherentes a la materialización del constructo idealizado del movimiento 
uniforme. Este proyecto demuestra cómo la fusión estratégica de tecnología accesible puede democratizar el acceso a 
herramientas educativas de alta calidad y bajo costo. 
 
Palabras clave: Educación de la física, laboratorios de impresión 3D, investigación, velocidad constante. 
 
 
 

 
I. INTRODUCTION 
 
The study of constant-speed motion is a cornerstone of 
introductory physics curricula, serving as an essential 
foundation for understanding the core principles of 
kinematics and Newtonian mechanics. However, reliably 
generating constant-speed motion for experimental purposes 
has historically posed a significant challenge in educational 
settings. As Bug [1] notes, many traditional laboratory 
approaches rely on balancing frictional forces with an initial 

impulse, a condition difficult to achieve due to the complex 
nature of friction. A more robust and pedagogically powerful 
solution involves the use of specialized self-propelled 
devices, commonly referred to as constant-velocity cars. 
These are engineered to maintain highly stable motion over 
considerable distances. Indeed, as Chiaverina [2] contends, a 
properly functioning constant-velocity car represents an ideal 
apparatus for introducing foundational kinematics concepts. 
Its utility extends well beyond this introductory application, 
proving equally valuable in more diverse instructional 
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contexts, such as the study of wave properties [3] or the 
analysis of combined motions, including free fall with 
horizontal displacement [4]. Consequently, the development 
of experimental activities that demonstrate constant-velocity 
motion with clarity, accessibility, and reproducibility remains 
a persistent and relevant challenge in physics education. 
     A recent scoping review [5] identifies 3D printing as an 
established and growing trend within physics education 
research. This technology is valued for its dual capacity to 
model complex structures and to help learners visualize 
abstract concepts. This representational and interactive 
functionality elevates 3D-printed devices beyond mere 
physical objects, positioning them as powerful cognitive 
mediators that bridge theoretical understanding and tangible 
experimentation [6]. 
     This work presents the design and implementation of a 
low-cost, 3D-printed constant-velocity car. To illustrate its 
pedagogical application, we detail its integration into an 
inquiry-based learning framework. This approach is designed 
to provide students with structured opportunities to develop 
conceptual physics knowledge alongside the scientific 
abilities central to the hypothetico-deductive method. 
Fabricated using open-source software and low-cost, readily 
available materials, the car can be printed in a few hours on 
common, accessible 3D printers, making replication feasible 
for a wide range of educational institutions. 
 
 
II. THEORETICAL FRAMEWORK 
 
A. The constant velocity motion model 
 
The concept of constant-speed motion often represents one of 
the first significant conceptual challenges students encounter 
in introductory physics. Consequently, introducing the 
corresponding formal mathematical framework at this stage 
demands a careful pedagogical approach, as it marks a critical 
juncture in their initial engagement with the discipline. An 
introduction that is poorly scaffolded or inadequately 
supported risks fostering negative perceptions and enduring 
misconceptions, which can impede all subsequent learning. 
In this context, the fundamental mathematical model 
describing constant-velocity motion is given by: 
 

𝑥(𝑡) = 𝑥! + 𝑣∆𝑡                (1) 
 
where x(t) is the position of the object at time t, x₀ is the initial 
position, v is the constant velocity and Δt is the elapsed time. 
Although this equation may appear simple to an experienced 
instructor, it presents real conceptual difficulties for students 
who are new to the topic. For beginners, connecting 
mathematical symbols to their physical meaning does not 
happen automatically; rather, it requires intentional teaching 
strategies. For this reason, a major focus of physics education 
research has been to design and test instructional approaches 
that help students build a stronger connection between 
mathematical formalism and concrete, hands-on physical 
experience. 
 
 

B. Teaching the Constant Velocity Model: Laboratory-
Based Approaches. 
 
Early efforts in this direction include the use of computational 
simulations to model uniform motion. In laboratory settings, 
however, the most common experimental resource has been 
the self-propelled toy car, often commercially available as a 
constant-velocity car or "constant-velocity buggy." When 
functioning properly, these devices maintain a reasonably 
steady speed over a measurable distance, allowing students 
to carry out basic kinematic analyses. Instructional 
approaches have taken advantage of this feature to design 
structured, inquiry-based laboratory activities. A common 
strategy involves comparative analysis, where students 
measure and contrast the speeds of two such cars. For 
example, the speed of one vehicle can be intentionally 
reduced (often by covering part of its battery with aluminum 
foil) to achieve a speed roughly half that of the unmodified 
car. 
     This type of experimental apparatus also serves to 
contextualize classic textbook physics problems, turning 
idealized scenarios into tangible laboratory experiences. A 
notable example is provided by Hertting [4], who describes a 
setup for studying the synchronization between constant-
speed horizontal motion and constant-acceleration vertical 
motion, such as a ball in free fall. This setup achieves a clear 
demonstration of the independence of perpendicular motion 
components by synchronizing the horizontal travel of the car 
with the vertical free fall of a ball, which is released to land 
precisely on the moving vehicle. 
     Extending this utility, Norwantini, Jelita, Sari, Kurniawati, 
and Suyatman [7] showed how constant-velocity cars can be 
adapted into mobile sources of magnetic field by attaching 
magnets. Students can then use smartphone sensors to record 
the spatial and temporal variation of this magnetic field, 
enabling an indirect and creative method for calculating the 
car's speed from the collected data. 
     Similarly, Chiaverina [2] has used these cars to explore 
relative motion. In this activity, a sheet of paper is placed 
under the moving car. By manually moving the paper either 
in the same direction as the car or opposite to it, students can 
directly observe and analyze the vector composition of 
velocities, thereby making an abstract principle more 
concrete. 
     Another innovative approach involves setting up two 
constant-speed cars in a "tug-of-war" scenario, connected by 
a lightweight cardboard cylinder. By adding mass to one car, 
the normal force (and consequently the maximum static 
friction between its wheels and the surface) increases. This 
gives the weighted car greater traction, enabling it to "win" 
the contest. This simple yet effective experiment provides 
students with a tangible context for investigating a core 
relationship in Newtonian dynamics: the direct dependence 
of the frictional force on the normal force. 
     As this brief review shows, constant-velocity cars support 
a remarkably wide range of applications, extending from 
foundational kinematics to dynamics, Galilean relativity, and 
even electromagnetism. This inherent teaching versatility 
highlights the importance of developing accessible, 
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reproducible, and adaptable experimental tools for diverse 
educational contexts and learning goals. 
     Leveraging digital fabrication technologies, this work 
presents the design and classroom implementation of a low-
cost, 3D-printed constant-velocity car. The apparatus is 
intentionally simple in its construction, utilizing 3D printing 
to ensure easy replicability in a wide range of educational 
settings. Its design allows for seamless integration into 
diverse teaching strategies. In particular, we employ it as a 
central resource for inquiry-based learning activities, 
providing students with opportunities to engage with the 
development of scientific abilities. 
 
 
III. METHODOLOGY 
 
A. Design and Construction of the 3D Printed Constant-
velocity car. 
 
The constant-velocity car presented in this work was 
designed using the open-source software FreeCAD, with an 
emphasis on accessibility, replicability, and low cost. The 
total material cost for the apparatus is under 10 USD, and it 
can be fully printed in under 12 hours on standard 3D 
printers, such as the Creality CR-10 and Ender 3 V2 models 
used in this project. 
 

 
 
FIGURE 1. The 3D-Printed and Complementary Components for 
Vehicle Assembly. 3D-Printed Parts: Four wheels, one two-part 
casing, one two-gear transmission. Complementary Parts: Two 
metal axles, eight O-rings (2.62 mm × 13.94 mm), one 3V DC 
motor, one switch, and two AA batteries. 
 
     The figure 1 shows all 3D-printed components necessary 
to assemble the vehicle. These include the wheels, which 
feature central axle holes and peripheral grooves designed to 
hold standard 2.62 mm × 13.94 mm O-rings. These O-rings 
serve two critical functions: they provide sufficient traction 

and form the coupling interface for a simple one-dimensional 
guidance system (figure 2). The axles are made from 3 mm 
diameter steel rods, which mechanically link the wheels to 
the internal transmission. To maximize accessibility, a fully 
3D-printed version using PLA filament at 100% infill is also 
a viable and functional alternative. 
     A two-part casing encloses the final assembly. This 
housing contains a compact, two-stage gear train that 
transmits torque from a single DC motor to both rear axles, 
thereby providing propulsion. 
     Propulsion is provided by a simple 3V DC motor, a power 
switch, and a battery holder for two standard AA cells. This 
motor was selected for its low cost, ease of replacement, and 
wide availability as a common component in educational 
electronics and Arduino-based projects, which facilitates 
bulk acquisition for resource-constrained educational 
settings.  
     All structural components were printed from standard 
PLA filament with a 20% infill density. This setting was 
chosen to ensure adequate structural strength for reliable 
operation while optimizing material use and minimizing print 
time, key factors for scalability and cost effectiveness in 
classroom deployment. 
     To constrain the motion to a single axis (a critical 
requirement for reliable kinematics experiments) the car uses 
a simple yet effective external guidance system. This system 
consists of two parallel L-shaped aluminum profiles (20 mm 
× 20 mm with a 2 mm wall thickness) that form a channel. 
The profiles are supported at 20 cm intervals by custom 3D-
printed brackets, which ensure alignment and stability over 
the entire track length, as shown in figure 2. 
 

 
 

FIGURE 2. The guidance system: L-shaped aluminum profiles 
supported by 3D-printed brackets at 20 cm intervals. 
 
 
     The uniform 20 cm spacing between these support 
brackets serves a dual purpose in the experimental setup. 
First, it guarantees the structural integrity of the guidance 
track. Second, it provides a built-in spatial reference scale. 
This scale can be used for manual data collection (e.g., timing 
the car's passage between marks with a stopwatch) or, more 
precisely, as a calibrated distance standard for kinematics 
analysis using video-based motion tracking software. 
     The figure 3 shows an interior view of the assembled 
vehicle, detailing the arrangement of the motor, gear train, 
axles, battery holder, and switch. The figure 4 presents the 
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complete experimental setup, depicting the fully assembled 
car with its casing closed and positioned on the guidance 
track, ready for use. 
 

 
 

FIGURE 3. Top-down view of the car's interior with upper casing 
removed, revealing the gear train and DC motor beneath the two AA 
batteries. 
 
     This design prioritizes ease of maintenance and 
customization. Educators can readily modify the gear ratio to 
adjust the vehicle's operational speed, tailoring it to different 
experimental requirements. All 3D-printable design files (in 
STL format) are freely available for download from the 
project repository at www.dfisupla.cl. 
 
 

 
 

FIGURE 4. The fully assembled car in operation, running on its 
guidance track. 
 
 
B. An Inquiry-Based Activity Using the 3D-Printed 
Constant-Velocity Car. 
 
In the Mechanics I laboratory of our Physics Teacher Training 
Program, we prioritize the implementation of low-cost, high-
functionality 3D-printed experiments designed for inquiry-

based learning. The 3D-printed constant-velocity car serves 
as a central experimental apparatus within a structured 
inquiry sequence. This pedagogical approach fosters 
authentic scientific inquiry by engaging pre-service teachers 
in a cycle that mirrors scientific practice: making 
observations, identifying patterns, generating hypotheses, 
designing and testing experiments, formulating predictions, 
analyzing data, and drawing evidence-based conclusions [8]. 
The following section presents an example of a proposed 
activity designed to incorporate the resource introduced in 
this work. 
The inquiry cycle begins with the following question: 
 
How does the choice of reference frame influence the 
graphical representation (specifically the position-time and 
velocity-time plots) of uniform rectilinear motion? 
 
a) Observation and Pattern Identification: Students first 
conduct qualitative observations of the car's motion. They 
describe its behavior, identify regularities, and represent 
these emerging patterns through multiple modes such as 
sketches, motion diagrams, and verbal descriptions. 
 
b) Hypothesis Generation: Building on the identified 
patterns, students formulate testable hypotheses. A 
representative hypothesis might be: If the reference frame is 
changed, the position-time graph will undergo a vertical 
translation, but its slope (and therefore the value represented 
by the velocity-time graph) will remain invariant. 
 
c) Experimental Design: During this phase, students 
operationalize their plan for testing the hypothesis. They 
produce a detailed description that includes: (1) a labeled 
diagram of the experimental setup, (2) a procedural outline 
specifying the sequence of actions, and (3) a clear 
specification of the variables to be measured along with the 
chosen measurement tools and techniques. This requires 
them to decide on a method for measuring position as a 
function of time, such as video analysis, motion sensors, or 
manual timing with a calibrated ruler. The design process also 
compels them to explicitly state key assumptions (e.g., 
negligible air resistance) and identify potential sources of 
experimental uncertainty. 
 
d) Prediction: Before executing the experiment, students 
formulate explicit predictions regarding the expected 
outcomes, specifically, the shapes, trends, and key features of 
the resulting position-time and velocity-time graphs. These 
predictions must be logically derived from the stated 
hypothesis, the planned experimental design, the identified 
assumptions, and an acknowledgment of practical 
constraints. Predictions can be qualitative (describing 
graphical trends and relationships) or quantitative (specifying 
anticipated numerical values or algebraic expressions). 
 
e) Experimentation and Data Analysis: Students implement 
their experimental design, systematically collecting empirical 
data on the car's motion. They then process and analyze this 
data to construct the corresponding position-time and 
velocity-time graphs. The core of this phase involves a 

http://www.dfisupla.cl/
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critical comparison between these experimental results and 
their predictions. 
 
f) Evidence-Based Evaluation and Reflection: This phase 
prompts students to synthesize their findings and engage in 
critical evaluation. They are guided to address explicitly: Do 
the experimental outcomes support the initial hypothesis? 
Justify your conclusion using the evidence collected. If 
discrepancies exist, they must propose plausible physical or 
methodological explanations. The reflection deepens as 
students connect their specific results to the broader 
conceptual framework, they analyze how the chosen 
reference frame shapes the graphical representations and 
discuss the idealized nature of uniform rectilinear motion in 
the context of their experimental uncertainties. Ultimately, 
they must formulate a reasoned, evidence-based judgment 
regarding the validity of their original hypothesis. 
 

g) Metacognitive Reflection on the Inquiry Process: Moving 
beyond evaluating the specific hypothesis, students engage in 
a meta-reflection on the inquiry process itself. They assess 
the strengths and limitations of their experimental design, 
data collection strategies, and analytical techniques. This 
metacognitive exercise culminates in proposing concrete, 
actionable improvements for future iterations of the activity 
or for the design of subsequent laboratory investigations. 
 
     Following this, we present a representative selection of the 
experimental work and data analysis conducted by our 
students, including the graphical results and interpretations 
generated during their investigation of the constant-velocity 
car's motion, thereby demonstrating its pedagogical potential. 
 
 
 

 
 

FIGURE 5. Video frames captured at three distinct instants during the car's motion. The complete video is available at www.dfisupla.cl. 

 
 

IV. RESULTS AND ANALYSIS 
 
While the car's speed and corresponding kinematics graphs 
can be obtained through manual methods (e.g., stopwatch and 
ruler) or with electronic motion sensors, our instructional 
context emphasizes the use of digital video analysis. In our 
laboratory sessions, students typically use the open-source 
software Tracker for this task. A core objective is for them to 
adapt and implement these inquiry-based activities during 
their early school placements as part of the Physics Teacher 
Training Program. This is particularly relevant in Chile's 
public school system, where access to specialized laboratory 
equipment like motion sensors is often limited, and where, 
under new public policies enacted this year, smartphones are 
prohibited on school premises. 
     The figure 5 shows three representative frames extracted 
from a student recorded video of the experiment. The 
recording was made with a standard 4K-capable webcam 
operating at 60 frames per second (fps). For this specific 
analysis, the video was processed at 30 fps to achieve an 
optimal balance between temporal resolution and 
manageable file size for the Tracker software. The resulting 

17-second clip provided a dataset of approximately 500 
discrete position-time coordinates. 
     To illustrate the student procedure, we detail the setup for 
a representative analysis. A coordinate system (reference 
frame) was defined with its origin (x=0) fixed at the leftmost 
end of the guidance track, coinciding with the car's starting 
position, and the positive x-axis oriented along the direction 
of motion. For spatial calibration in the video analysis 
software, students used the known 20 cm separation between 
the 3D-printed support brackets (shown in figure 2). This 
established the accurate pixel-to-centimeter conversion 
factor required for precise position measurement. 
     The recorded video was analyzed using the open-source 
software Tracker to extract the car's horizontal position 
coordinate on a frame-by-frame basis. The resulting position-
time data are plotted in figure 6. 
     A linear regression was applied to the experimental data, 
fitting it to the kinematic model shown in Equation (2), where 
the parameter A corresponds to the constant velocity (v) and 
B to the initial position (x0): 
 

𝑥(𝑡) = 𝐵 + 𝐴∆𝑡                                 (2) 

http://www.dfisupla.cl/
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The linear fit yielded the parameters A = 5.93 × 10⁻² m/s and 
B = 1.7 × 10⁻² m. The slope coefficient A corresponds to the 
car's velocity, which is approximately 6 cm/s. The figure 7 
shows the corresponding velocity-time graph. The plot 
reveals minor oscillations around the mean value of 6 cm/s. 
This observed variability is consistent with the uncertainty 
from the linear regression and, more significantly, provides a 
tangible illustration of the earlier discussion regarding the 
practical challenges of realizing a perfectly ideal uniform 
rectilinear motion in a real laboratory setting. 
 

 
FIGURE 6. Position-time graph of the car's rectilinear motion. 

 
 

A particularly instructive feature for both students and 
instructors is the structure of the velocity-time graph, 
specifically the distribution of its data points. In contrast to 
the idealized horizontal line presented in textbooks, the 
experimentally derived graph exhibits clear oscillations 
around a central mean value, corresponding to the car's fitted 
average speed. 
     This discrepancy is not an experimental error but a critical 
didactic opportunity. It provides a concrete basis for 
discussing with students the inherent challenge of 
materializing perfectly ideal uniform rectilinear motion in a 
standard physics laboratory. Contributing factors such as 
inevitable fluctuations in friction, minor wheel 
misalignments, and variations in the motor's power supply 
can be identified and analyzed. Crucially, the design of the 
apparatus, combined with the structured inquiry approach, 
enables students to achieve a close, reproducible 
approximation of the ideal model. This integrated approach 
successfully facilitates the essential connection between 
theoretical prediction, empirical evidence, and critical 
reflection on the nature and limits of scientific models. 
 
 
V. CONCLUSIONS 
 
Positioning the physics experiment at the core of instruction 
is more than a didactic strategy, it constitutes an 
epistemological necessity for cultivating disciplinary 
knowledge and the scientific abilities inherent to 
hypothetico-deductive reasoning. Consequently, the 
development of low-cost, replicable, and robust experimental 
apparatuses remains a vital and persistent line of inquiry 
within physics education research. 
 

 
FIGURE 7. Velocity-time graph of the car's rectilinear motion. 

 
 
     The 3D printing technique emerges as a powerful tool to 
realize this objective, effectively democratizing access to 
high-quality educational resources without compromising 
pedagogical depth or fidelity to the physical phenomena 
under study. 
     In alignment with the open‑source philosophy of our 
laboratory, all design files (CAD and STL formats) and 
associated teaching materials for this activity are made freely 
available in our public repository: www.dfisupla.cl.  
     Furthermore, to ensure equitable implementation in 
educational contexts lacking 3D‑printing facilities, we have 
developed a complementary resource: the 3D‑VBL (3D 
Video‑Based Lab). This package provides a high‑resolution 
video recording of the entire experimental procedure, which 
is fully prepared for direct analysis using video‑based 
motion‑tracking techniques. This allows the core inquiry 
cycle to be conducted as a video‑based laboratory activity. 
     Additionally, we provide an alternative video version in 
which the position‑time graph is plotted in real time and 
synchronized with the motion. This resource is specifically 
designed to scaffold classroom discussion by enabling 
instructors and students to jointly observe the phenomenon, 
formulate predictions about the graphical outcome, and 
extract kinematic data directly from the video for immediate 
analysis. This approach enables educators to transform 
traditional instructional settings into active inquiry spaces, 
even outside a formal laboratory. By employing Socratic 
questioning, teachers can keep the experimental evidence and 
the scientific reasoning process at the center of the learning 
experience, effectively bringing the spirit of the laboratory 
into any classroom. 
     In summary, the synergy between a technically simple, 
low‑cost apparatus and an epistemologically authentic 
inquiry methodology ensures a flexible and adaptable 
learning experience. This integrated design is viable across a 
wide spectrum of educational contexts, including those with 
significant resource constraints, without compromising 
scientific rigor or the development of deep conceptual 
understanding.  
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