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We present SnappyXO® Design, a low-cost educational robotics platform that supports 
design-centric learning from K-12 through postsecondary education. The platform inte
grates (1) a modular hardware kit built from planar, snap-fit components, (2) companion 
software for mechanism and part design as well as robot control, and (3) standards- 
aligned instructional materials. The SnappyXO hardware uses a minimal library of 
planar structural elements and compliant snap-fit “alphabet” connectors that encode geo
metric and kinematic constraints, enabling rapid reconfiguration into a wide variety of 
mechanisms and robots. The software suite includes tools for linkage synthesis and simu
lation, custom part design for digital fabrication, and mobile control of microcontroller- 
based robots. Together, these elements emphasize the full engineering design cycle, from 
mechanism concept generation and prototyping to programming and testing, in a class
room-friendly workflow.

We motivate the need for SnappyXO by limitations of existing kits, including high cost, 
constrained design freedom, and weak alignment to engineering design standards. We 
summarize results from pilot programs and National Science Foundation (NSF) Small 
Business Technology Transfer (STTR) Phase I/II case studies, which indicate that learners 
across age groups can successfully design and build original robotic systems using Snap
pyXO, with positive impacts on engagement and targeted learning outcomes. SnappyXO 
was originally developed at Stony Brook University and advanced through multiple NSF 
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1 Introduction
Robotics offers a natural context for interdisciplinary STEM 

learning because it couples physical construction with sensing, 
actuation, and computation. Through designing, building, and pro
gramming robots, learners engage with concepts from mechanics, 
electronics, and software while practicing iterative problem 
solving and teamwork. At the same time, the growing importance 
of robotics and embodied artificial intelligence in automation, 
healthcare, and service industries increases the value of early, 
authentic exposure to engineering design and systems thinking 
[1]. National reports and standards further motivate this need: the 
Science & Technology Action Committee emphasizes the impor
tance of expanding and diversifying the domestic Science, 

Technology, Engineering, and Mathematics (STEM) workforce 
[2], while Next Generation Science Standards (NGSS) foregrounds 
engineering design as a core practice across K-12 science 
education.

Despite these drivers, robotics instruction in many schools 
remains limited in scope and accessibility. Cost and logistical con
straints often restrict robotics to extracurricular clubs or competi
tions, rather than broad, in-class adoption. Moreover, many 
widely used kits emphasize assembly of predefined models and 
incremental programming exercises, which can limit opportunities 
for students to engage in open-ended mechanism and system 
design. Continuity across grade levels is also challenging: plat
forms suitable for elementary grades may not scale to high 
school or early college needs, leading districts to adopt multiple 
incompatible systems. Similar gaps appear in higher education, 
where early-year curricula often struggle to provide hands-on, 
design-oriented experiences at scale in large enrollment courses.
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In this article, we present SnappyXO® Design, a robotics learn
ing platform developed to address these barriers. SnappyXO con
sists of three integrated components: (1) a modular hardware kit 
with planar structural parts and compliant snap-fit connectors 
that encode geometric and kinematic constraints, (2) software 
tools for mechanism design, custom part creation, and robot 
control, and (3) standards-aligned curriculum and instructional 
resources for educators. Together, these components support an 
end-to-end workflow in which students can generate a mechanism 
concept, prototype and iterate physically, and program and evalu
ate the resulting robot (Fig. 1).1

The remainder of the article is organized as follows. Section 2
reviews prior work in educational robotics and summarizes limita
tions of existing kits that motivated our design requirements. 
Section 3 details the SnappyXO hardware principles and innova
tions, followed by the companion software applications in Sec. 4
and pedagogical integration in Sec. 5. Section 6 presents case 
studies and results from National Science Foundation (NSF) 
STTR Phase I/II pilots, and Sec. 7 discusses comparative advan
tages and value propositions. Section 8 concludes with future 
directions.

2 Background: Educational Robotics and Challenges
A substantial body of prior research demonstrates that robotics 

can serve as a powerful interdisciplinary learning platform. Students 
engaged in robotics activities often show improved understand
ing of STEM concepts and increased motivation [3–5]. Robotics 
projects require learners to apply scientific and mathematical 
knowledge (e.g., geometry for mechanism design, physics for 
motion), practice engineering design processes (brainstorming, 
prototyping, testing), and develop computational skills through pro
gramming. This integration of disciplines supports the development 
of transferable skills such as problem solving, creativity, and collab
oration [6]. Robotics has also been shown to engage a broad range of 
learners by providing a tangible context for applying abstract ideas, 
particularly when students are encouraged to design and iterate on 
their own solutions rather than follow prescribed instructions.

Educational robotics (ER) [7] has evolved from the use of robots 
primarily as motivational tools to a research-informed instructional 
medium spanning K-12 computing, integrated STEM education, 
and introductory university-level engineering and programming. 
In K-12 contexts, the strongest evidence base centers on computa
tional thinking (CT) and STEM learning outcomes. Systematic 
reviews of ER interventions for young learners (pre-K-6) report a 
focus on core CT practices such as sequencing, conditionals, 
loops, and debugging, often implemented through collaborative 
and project-based pedagogies [8]. Meta-analytic evidence from 
primary education further indicates that ER can support STEM 
competence development when design and programming activities 
are integrated with sound instructional practices [9]. In higher edu
cation, ER is most commonly used in introductory programming, 
mechatronics, or robotics laboratories, where adoption studies 
emphasize the importance of institutional readiness, pedagogical 
integration, and instructor support for successful scaling [10]. 
Comprehensive reviews of K-12 implementations are provided 
by Anwar et al. [11].

Limitations of Existing Robotics Kits. Despite the docu
mented educational benefits of robotics, many commercially avail
able kits limit students’ engagement with authentic engineering 
design. Popular modular platforms (e.g., LEGO® SPIKE Prime 
[12], VEX V5 [13], Tetrix [14], Fischertechnik [15], and Make
block [16]) typically emphasize step-by-step assembly of prede
fined models followed by basic programming. While effective 
for introducing programming concepts and familiarizing students 

with mechanical components, such instruction-driven approaches 
rarely require learners to conceptualize original mechanisms or 
explore alternative structural solutions. As a result, students often 
replicate existing designs rather than engage in invention, which 
can constrain creativity and limit exposure to core engineering 
practices.

Cost and scalability present additional barriers to widespread 
adoption. Many kits are expensive and must be shared among mul
tiple students, which often restricts robotics activities to extracur
ricular clubs or competitive teams. High price points reduce 
access for schools with limited budgets and discourage one-to-one 
student engagement. Furthermore, reliance on proprietary electron
ics and closed ecosystems can lock institutions into single vendors 
and inhibit the use of low-cost, off-the-shelf components that are 
common in educational and professional practice.

Continuity across grade levels is another persistent challenge. 
Platforms designed for elementary students often do not scale to 
the needs of secondary or postsecondary learners, forcing schools 
to adopt multiple, incompatible systems. At the same time, teachers 
frequently report limited preparation and confidence in facilitating 
open-ended engineering design activities within required science 
or technology courses. These issues contribute to a gap between 
the aspirations of standards such as NGSS, which emphasize engi
neering design, and the realities of classroom implementation. 
Similar gaps exist in higher education, where design-oriented 
robotics experiences are often introduced late in the curriculum 
rather than during formative early years. Many of these challenges 
were corroborated through customer discovery conducted as part of 
an NSF I-Corps project [17].

Design Goals for a New Solution. Addressing these limita
tions requires a robotics platform that emphasizes open-ended 
design, remains affordable at classroom scale, and supports a 
coherent learning progression from elementary through higher 
education. Such a platform should enable students to create and 
iterate on diverse mechanisms rather than assemble fixed 
models, while providing educators with curriculum and tools 
aligned to academic standards. These design goals informed the 
development of SnappyXO Design, which is described in the fol
lowing sections.

3 SnappyXO Hardware Design: Principles 
and Innovations

The SnappyXO hardware kit was designed from the ground up to 
enable versatile, design-centric prototyping while being low-cost 
and classroom-friendly. The kit consists of a set of planar only 
plastic parts for structural elements, mounts for off-the-shelf elec
tronics and microcontrollers, and a variety of snap-fit connectors 
that join these parts in different configurations. All components 
are reusable and modular, allowing endless reconfiguration into 
different robots or mechanical contraptions. In developing the 
hardware, we identified several core design and manufacturing 
requirements: 

(1) Wide design space: Create a minimal, unified library of 
planar components that can span a broad range of possible 
robot designs. In essence, a small number of part shapes 
should yield a large variety of mechanisms and structures.

(2) Cross-grade usability: Ensure the same set of components is 
usable by students from elementary school to college. The 
hardware should be simple enough for a 3rd grader yet 
capable enough for an engineering freshman, facilitating 
continuity in learning.

(3) Pedagogical simplicity: Keep the number of distinct part 
types to a minimum. Each part type should be general- 
purpose, and parts can be logically grouped (by function 
or difficulty) to align with pedagogical progression.1https://youtu.be/ltE0TEEf4mg
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(4) Safety and ergonomics: Design components to be safe, 
durable, and age-appropriate. Parts are sized for easy han
dling, have no sharp edges, and connections can be made/ 
re-made without tools or fasteners.

(5) 2D manufacturing: Parts should be manufacturable using a 
2D profile cutting process, such as CNC laser- or water-jet 
cutting to enable quick custom design and prototyping; alter
natively, they can be 3D printed as well at a lower cost and 
time than true 3D parts. Design should permit usage of dif
ferent grade of materials, such as wood, Acrylic, or Acetal.

These requirements drove the physical design of SnappyXO. 
Figure 2 shows a selection of the SnappyXO hardware parts, 
including both structural elements (beams and plates of various 
lengths), connector pieces of different shapes, and mounts for 
off-the-sheld electronics.

The structural parts are flat (2D) elements with a series of regu
larly spaced holes called “X” or “O.” Incidentally, the X-holes look 
like a plus (+) sign in our parts, but are called X-holes. Each hole 
is a standardized interface point where connectors can attach. 
The decision to use strictly planar parts was deliberate: it simplifies 
manufacturing (all parts can be laser-cut from flat sheets of 1/8-in. 
thickness) and storage, and it also makes it easy for students to 
design and make their own parts (e.g., cutting custom shapes 
from sheet material), if needed. Despite being planar, these parts 
can be assembled into 3D structures (e.g., using perpendicular 
clips to join beams at right angles).

The holes in each part serve as universal connection points; they 
are sized to accommodate the snap-fit connectors with a slight 
interference for a firm grip. The connectors, often referred to as 
“alphabet clips” due to their letter-like shapes (L, C, H, I, etc.), 
are perhaps the most innovative aspect of SnappyXO’s hardware; 
see Fig. 3 for a few of these connectors. Each connector is a 
small piece with prongs or jaws that snap into the holes of the 
beams/plates and provide either a rigid connection or rotary/ 
sliding joint. These connectors are minimally designed to allow 
users to associate geometry of a part with its function intuitively 
and enable them to grow their creations along all possible direc
tions in the 3D space. Remarkably, we found that one needs very 
few such pieces to be able to realize 3D Cartesian geometries.

By design, different clip shapes impart different geometric con
straints when joining two or more structural pieces. For example, 
an L-clip holds two beams at a fixed 90-degree angle (enforcing 
perpendicularity), a C-clip joins two beams in the same plane 
(coplanarity), and an H-clip holds two parallel beams at a set 
spacing (enforcing parallelism). Other connectors create hinged 
joints: the I- and F-clips with smaller tooth geometry have at 
least one end freely rotating inside an “O-shaped” hole of beams/ 
plates, effectively functioning as a revolute joint in mechanisms. 
Even these connectors are cut from flat sheets of plastics and as 
a result are not required to be axi-symmetric cylindrical pieces 
commonly found in other kits. By mixing and matching these con
nector types, students can construct complex linkages, for instance, 
a four-bar linkage or even multi-degree-of-freedom mechanisms, 

Fig. 1 Stages of design cycle for a walking robot: (a) users sketch a mechanism design concept (simulation mode) or input 
the required walking motion (synthesis mode) using MOTIONGEN software part of the SnappyXO ecosystem, (b) software gen
erates mechanism design concepts for enabling walking motion and shows closest SnappyXO hardware for a chosen design, 
(c) users can also sketch custom components, such as boots and attach to the mechanism, (d ) physically prototype the 
mechanism using SnappyXO hardware and optionally 3D print or laser-cut custom parts, (e) design and program the 
circuit using inexpensive, off-the-shelf electronics and open-source microcontrollers, (f) import the design back in the soft
ware for validation, and (g) present final design. See this walking machine driven by motors alone in footnote 1.
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using only flat beams and the appropriate clips as joints. The 
system thus captures the essence of mechanism design: the 
beams serve as links and the clips serve as joints or supports in 
the mechanical structure of a robot. A crucial innovation in Snap
pyXO is the use of compliance in the connectors to achieve robust 
snap-fit behavior. The connectors are made of a semiflexible Acetal 
polymer (commonly known as Delrin), and their geometry (such as 
the shape of clip “teeth”) is engineered to flex just enough to snap 
into a hole and then hold tightly. This built-in compliance allows 
the same connector to accommodate slight variations in material 
thickness or hole size, which is important because our parts 
could be made from different sheet materials (plastic, wood, etc.) 
and because the laser-cutting process has minor dimensional toler
ances. See Fig. 4 for a few example contraptions.

3.1 Manufacturing and Fit: Materials, Tolerances, and 
Durability. Material selection in SnappyXO directly supports 
repeated snap-fit engagement, long-term durability, and manufac
turability across multiple fabrication methods. Polyoxymethylene 
(POM), commonly known as Acetal, is the primary material used 

for connectors and most structural components due to its favorable 
mechanical and tribological properties. Its elastic flexure enables 
compliant snap-fit behavior, while low friction, wear resistance, 
and dimensional stability minimize insertion forces, tooth wear, 
and long-term creep over repeated assembly cycles. Acrylic, 
although easy to laser-cut with high edge quality, is significantly 
more brittle and susceptible to crack initiation at stress concentra
tors under repeated snap loading; it is therefore recommended 
primarily for noncompliant structural parts. Wood introduces 
additional variability due to anisotropy and sensitivity to humidity; 
repeated insertions can compress fibers around holes and progres
sively reduce retention. As a result, wood is likewise best suited for 
rigid, nonsnap-fit components.

The tolerance strategy of SnappyXO prioritizes functional 
robustness over tight dimensional control by relying on elastic 
deformation rather than brittle interference. All critical interface fea
tures, including standardized X-holes and O-holes, are dimensioned 
in millimeters with deliberate positive tolerances (e.g., +0.10 mm) 
to avoid over-constraint while preserving reliable engagement. 
O-holes provide sufficient clearance for low-friction rotational 
motion, even under molding shrinkage or minor dimensional drift. 

Fig. 2 A few exemplary standard structural parts, clips, and mounts for motors, sensors, etc., of the SnappyXO hardware 
laser-cut from nominal 1/8-in. thick Acetal Homo-polymer sheets

Fig. 3 Alphabet clips encode common geometric/kinematic constraints (e.g., perpendicularity, coplanarity, offset, pivots) 
using planar parts

Fig. 4 A few simple SnappyXO Structures made from alphabet clips; these clips enforce different geometric constraints 
between structural elements, such as parallelism, incidence, angular, rotation, and sliding constraints
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X-holes employ asymmetric tolerance allocation to accommodate 
tooth insertion and thickness stacking while maintaining retention. 
Snap-fit performance is governed primarily by controlled flexure 
of compliant teeth rather than precise hole sizing, which reduces 
sensitivity to manufacturing variation. Durability is further 
enhanced through generous root radii (e.g., R0.7–R3.175 mm) and 
the elimination of sharp internal corners, mitigating stress concen
trations during repeated insertion and removal cycles. Figure 5
shows example drawings of a 2X Beam and a fixed pivot.

SnappyXO components are manufactured using both laser cutting 
and injection molding, and the hardware design explicitly accommo
dates the characteristics of each process. Early prototypes and low- 
volume parts were laser-cut from sheet Acetal, enabling rapid itera
tion with minimal tooling cost. Laser cutting introduces kerf taper 
and greater part-to-part variability, which are mitigated through com
pliant connector geometry and tolerance design. Injection molding, 
used for all snap-fit connectors and most standard structural compo
nents, provides significantly improved dimensional consistency, 
eliminates taper, and allows tighter control of material properties. 
In effect, injection molding functions as a highly repeatable fabrica
tion process for these parts, while preserving compatibility with 
laser-cut components. This hybrid manufacturing strategy enables 
low-cost prototyping, scalable production, and consistent user expe
rience across fabrication methods, with snap-fit reliability governed 
primarily by material elasticity rather than process precision.

In summary, the patent-pending hardware design [18] specifi
cally emphasizes (1) a novel way to enforce structural and kine
matic constraints using only planar pieces, and (2) the strategic 
use of compliance in snap-fit connectors to enable reliable connec
tions across various materials and thicknesses. These features dif
ferentiate SnappyXO from rigid, bolted systems and make it 
particularly well suited for educational use, where connections 
are secure but can be undone without special tools, enabling 
quick design iterations. Figure 6 shows a few examples of linkage- 
based robots.

3.2 Integration With Off-the-Shelf Electronics and Custom 
Design. SnappyXO hardware is designed to seamlessly integrate 
common off-the-shelf electronics, instead of relying on proprietary 
parts. In fact, this has been a persistent challenge in DIY robotics 
where users have needed a consistent and reliable method for mount
ing off-the-shelf electronics. The kit includes mounts and holders for 
components like Arduino® Uno microcontroller boards, DC motors 
and servo motors, standard hobby sensors (ultrasonic rangefinders, 
IR sensors, encoders, etc.), battery packs, and breadboards. Each 
of these mounts uses the same hole interface, meaning they 
connect with structural parts using provided clips. For example, an 
“Arduino mount” is a laser-cut plate that the Arduino snaps on; 
that plate has holes for clips so the microcontroller can be attached 
to the robot chassis. By using widely available electronics and open- 
source platforms (Arduino, Micro:Bit, Raspberry Pi, etc.), Snap
pyXO dramatically lowers the cost of a complete robot system 
and gives students exposure to industry-standard tools. In contrast, 
many commercial kits use custom electronics or a closed program
ming environment limited to that kit.

With SnappyXO, a student can program their robot in Arduino 
C/C++, block-based, or any language supported by the micro
controller of choice, and they can interface standard sensors and 
actuators, thereby learning real-world skills in electronics and 
coding. The open architecture also means the platform keeps 
pace with technology: as new microcontrollers or sensors come 
out, they can be adopted easily because the system is not locked 
to a specific proprietary ecosystem. Moreover, we also provide 
an intuitive and simple 2D CAD software (discussed later) for stu
dents to also design and fabricate highly customized parts and 
mounts for their own electronics; see Fig. 7 for example. This flex
ibility is highly valued by educators who want longevity from their 
purchases and compatibility with existing school makerspace 
equipment.

Affordability is a key tenet of SnappyXO’s design. By using flat 
components, we leveraged low-cost manufacturing techniques like 

Fig. 5 Drawings of a 2X Beam (Part No. MD152) on the left and a small Fixed Pivot (Part No. MD222) on the right

Fig. 6 A few examples of linkage-based robots showing SnappyXO parts, such as beams, plates, wheels, gears, connectors, 
and mounts for electronics; most parts have a pattern of X- and O-holes cut in them for inserting structural and motion con
nectors, respectively
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CNC laser-cutting for initial development and production. Initially, 
all standard SnappyXO parts were cut from sheets of Acetal plastic 
sheets of 1/8 inch thickness. Laser-cutting required minimal 
upfront tooling cost and allows rapid design revisions, which 
was invaluable during research and development. It also makes it 
feasible for schools with laser cutters to fabricate their own addi
tional parts or custom designs. Later on, injection molding for 
mass production reduced per-unit cost and allowed more precise 
control of part dimensions and material properties.

Resulting Limitations. Since the primary kinematic expressiv
ity is planar (e.g., linkages with joint axes normal to the part 
planes), spatial mechanisms with nonparallel joint axes (e.g., uni
versal/spherical joints, bevel gears, spatial linkages) generally 
require additional 3D adapter parts or a different part architecture. 
Moreover, out-of-plane stiffness and torsional rigidity are typically 
lower than beam-based 3D construction systems; achieving high 
rigidity often requires stacking plates, triangulation, or additional 
bracing, increasing part count.

Trade-Offs Versus True 3D Parts. Planar parts reduce SKU 
complexity, and enable low-cost scalable fabrication, easier 
custom part creation (2D CAD laser-cut), fast iteration, and com
patibility with mixed sheet materials. But, true 3D geometries 
have fewer parts per structure, higher torsional stiffness, integrated 
features, and simpler realization of spatial joints.

Due to the simpler geometries and use of commodity electronics, 
the cost of SnappyXO hardware is lower than other comparable 
kits. This cost advantage translates directly to educational 
impact: schools can purchase more kits with the same budget, 
allowing more students to participate simultaneously, and even 
permitting students to take kits home for extended learning. In 
summary, the SnappyXO hardware is engineered for maximum 
versatility and educational value per dollar, prioritizing the needs 
of students and teachers in real classroom settings.

4 Software Applications
In this section, we review four software applications specifically 

developed to facilitate the process of designing, building, and con
trolling robotic systems. MOTIONGEN enables students to simulate 
and synthesize mechanical linkages, facilitating a deeper 

understanding of mechanism synthesis for robotic applications. 
DESIGNER supports the creation of custom components tailored for 
integration with our standard hardware, thereby promoting 
design adaptability and flexibility. MICROBLUE provides a platform 
for wireless control of robots and peripheral electronic systems 
via low-energy Bluetooth (BLE). Finally, PROJECTS offers a struc
tured learning environment where students can engage with exem
plar robotics projects of varying complexity, enabling them to 
acquire hands-on experience in design, construction, and program
ming within an integrated framework. All of these applications and 
curriculum are available freely in online.2

4.1 MOTIONGEN: Artificial Intelligence-Powered Mechanism 
Design Platform. MOTIONGEN

3 is a cloud-based, AI-driven plat
form that automates the synthesis and simulation of mechanical 
linkages and robotic mechanisms directly from motion intent. 
Built on over a decade of research in kinematics, machine learning, 
and computational design [19–48], MOTIONGEN addresses a critical 
gap in current engineering workflows: early-stage motion 
concept generation. Traditional CAD tools require manual topol
ogy selection, iterative geometric modeling, and simulation 
expertise. MOTIONGEN disrupts this process by leveraging neural net
works and curated motion-mechanism datasets to learn the 
mapping from desired motion trajectories to feasible mechanism 
topologies and dimensions. At its core, the platform incorporates 
a motion-to-mechanism (M2M) engine that encodes mechanism 
structures. Using generative models (e.g., variational autoencoders 
and its variants), MOTIONGEN proposes candidate designs for a given 
motion that are physically realizable. Figure 8 shows a few 
example mechanisms modeled in MOTIONGEN. In undergraduate 
Kinematic of Machinery class [49,50], students have successfully 
used MOTIONGEN to design and simulate planar linkage mechanisms.

4.2 DESIGNER: A 2D CAD Application for Designing Custom 
Robot Parts. DESIGNER is also a web-based application,4 which 
enables students to sketch their own part designs intuitively in a 
2D CAD interface and export for 3D printing and laser-cutting. 
Users can use draw simple shapes (like rectangle, circle) as well 

Fig. 7 A screenshot of the DESIGNER application showing a custom chassis with internal X and O holes using 
SnappyXO pitch and external teeth geometry for attaching other parts

2http://www.snappyxo.io
3http://www.motiongen.io
4http://www.snappyxo.io/designer
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as closed free-form ones and perform regularized boolean opera
tions on them to generate new shapes. The X and O holes as 
well as hole features for DC and servo motor shaft can be 
dropped on them to create parts that are compatible with the stan
dard hardware and electronics.

Figure 7 shows a custom chassis with alternating pattern of X 
and O holes in the middle with rows of X- and O-holes only at 
the two ends. This shape was created by performing a union oper
ation on a rectangle and two circles at the end and thereafter holes 
were simply dropped. On the boundaries of the shape, one can see 
the teeth features added to enable directly connecting beams, plates 
and other parts. Figure 9 shows a few custom robots with user- 
designed parts.

4.3 MICROBLUE: An iOS and Android Application for 
Controlling Robot Motions. MICROBLUE is a mobile application 
designed to provide a flexible, low-latency wireless control interface 
for microcontroller-based robotic and mechatronic systems, with 
particular emphasis on educational and research environments. The 
application establishes secure connections over Bluetooth Low 
Energy (BLE), utilizing the Generic Attribute Profile (GATT) for 
structured data exchange and supporting custom writable services 
to ensure reliable, interference-free communication with compatible 
hardware platforms. These platforms include Arduino microcontrol
lers (e.g., Arduino Uno paired with HM-10 BLE modules), ESP32- 
series devices, and Raspberry Pi Pico(W) boards, enabling seamless 
integration across a wide range of robotic architectures.

Fig. 8 A screenshot of the MOTIONGEN application showing three different simulated mechanisms; from left to 
right: for a sit-to-stand device, aircraft landing gear, and Jansen’s walker

Fig. 9 Custom robots showing user-designed parts connected to standard hardware
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MICROBLUE offers a customizable user interface composed of con
figurable widgets such as joysticks, d-pads, sliders, switches, and 
text inputs, which map to actuators, sensors, and peripheral elec
tronics; see Fig. 10. This modular approach abstracts the complex
ities of mobile BLE stack implementation, eliminating the need for 
dedicated application development and enabling rapid prototyping 
of control interfaces. In educational robotics contexts, MICROBLUE 

enhances the experiential learning process by providing an acces
sible and robust platform for wireless control and parameter 
tuning, thereby facilitating iterative experimentation and hard
ware–software integration.

4.4 PROJECTS: Structured Assembly of Modular Robotic 
Systems. Much like MOTIONGEN and DESIGNER, the PROJECTS

5 is also 
a web-based application, which provides interactive, stepwise assem
bly guidance for constructing robotic mechanisms and mechatronic 
prototypes using SnappyXO hardware kits. Its visualization engine 
decomposes complex builds into discrete, sequential actions, each 
supported by annotated 2D/3D part illustrations to ensure precise 
alignment, orientation, and connectivity during assembly. This struc
tured approach minimizes mechanical errors, supports independent, 
self-paced learning, and enables repeatable, scalable deployment of 
design curricula across diverse educational settings.

Functionally, SnappyXO projects serves as a downstream link in 
an integrated toolchain that includes MOTIONGEN for virtual mecha
nism synthesis, DESIGNER for custom component creation, and 
MICROBLUE for BLE-enabled control of assembled robotic systems.

Together, these applications provide an end-to-end workflow 
that spans ideation, simulation, fabrication, and actuation, allowing 
for rapid iteration, system-level integration, and experimental 
testing of robotic designs.

5 Pedagogical Integration and Curriculum Alignment
Integrating a novel hardware–software platform into education 

requires thoughtful curriculum design and teacher support. From 
the outset, the development of SnappyXO involved collaboration 
with educators to develop a standards-aligned, flexible curriculum 
that leverages its hardware and software capabilities. Each unit in 
the curriculum engages students in the full design-build-test 

cycle, thereby reinforcing the iterative nature of engineering. For 
example, a middle school unit might have students design a mech
anism to move an object a certain distance—addressing NGSS 
MS-ETS1-2 (evaluate competing design solutions). Specific 
NGSS standards targeted are NGSS 3–5 ETS for elementary 
school, NGSS 6-8 ETS for middle school, and NGSS 9–12 ETS 
for high school.

By aligning with such standards, we ensure that teachers can 
justify the inclusion of robotics projects as a means to teach 
required concepts, not just as an extracurricular fun activity. In 
addition, the curriculum targets broader learning outcomes like 
problem-solving skills, creativity, and teamwork, which are often 
highlighted in state science standards or the ISTE (International 
Society for Technology in Education) standards. Each project or 
challenge in the curriculum comes with clear learning objectives 
(both content knowledge and skills). SnappyXO is, to our knowl
edge, the first robotics education product that allows students to 
truly design, build, and problem-solve their own robotic solutions 
in alignment with academic standards.

5.1 Curriculum Structure. The SnappyXO curriculum 
openly available in footnote 3 is organized in a modular fashion, 
with tracks for different grade bands (upper elementary, middle 
school, high school, and entry-level college) and different themes 
(mechanical design, electronics, sensing and actuation, etc.). 
Early lessons for younger students emphasize fundamental con
cepts like simple machines (levers, linkages, gears) and basic 
building skills using the SnappyXO kit. As students progress, the 
challenges become more complex: e.g., designing a walking mech
anism (linkage-based quadruped) in middle school, or a robotic 
arm with multiple degrees of freedom in high school.

Importantly, the same hardware is used throughout, but the com
plexity arises from how many parts or what types of mechanisms 
are involved. This scaffolded approach means a student who 
learns with SnappyXO in 5th grade can continue to use and build 
on that knowledge in 9th grade, tackling more advanced projects 
without having to learn an entirely new kit. Such continuity 
addresses the common issue of curricula that do not scale 
between elementary and secondary levels. The curriculum also 
encourages open-ended projects especially at higher grade levels: 
rather than all students building the same robot, they might be 
given a design challenge (e.g., “design a machine that can draw a 
circle on paper” or “build a device that can lift a cup onto a 

Fig. 10 Left: interface of MICROBLUE showing a few buttons and sliders; right: a user controlling a two-wheel drive 
robot car using virtual joysticks

5http://www.snappyxo.io/projects
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shelf”) and use an engineering design process to devise and test a 
solution with SnappyXO. This pedagogical approach mirrors that 
of design competitions or real engineering scenarios, thereby build
ing students’ confidence in tackling unstructured problems.

5.2 Use of Software Tools. A distinctive aspect of Snap
pyXO’s pedagogical integration is the incorporation of the its soft
ware applications into the learning sequence. Students often begin 
a project in the virtual environment of MOTIONGEN: for example, 
sketching a linkage and simulating its motion to achieve a 
desired output (like a certain foot trajectory for a walker) or 
draw the motion path and have the M2M AI engine generate 
several candidate mechanism design concepts. The software can 
then suggest a configuration of SnappyXO hardware that best 
matches the designed mechanism. Students can also refine their 
mechanism in the software, and even design custom parts using 
DESIGNER that can be 3D-printed or laser-cut and used with the 
SnappyXO kit. By combining virtual design with physical con
struction, students experience a complete design workflow that is 
very much analogous to what an engineer would do (digital proto
typing followed by fabrication). This tight integration of software 
and hardware is a key pedagogical feature: it teaches computational 
thinking alongside hands-on building. In a classroom setting, it also 
opens up more avenues for differentiation; for instance, some stu
dents might excel in the digital design aspect, while others focus on 
building and testing, and then they can come together to share 
insights. We provide detailed teacher guides on how to use MOTION

GEN in class, including a “guided mode” where the software pro
vides an introduction to students through designing a mechanism 
that can then be built with the kit. The software’s role in the 
curriculum ensures that coding and math skills are exercised 
(e.g., adjusting parameters, reading plots of kinematic properties), 
which complements the hardware’s emphasis on mechanical 
understanding.

5.3 Teacher Training and Resources. Understanding that 
teachers are key to successful implementation, we developed 
extensive support materials. This includes lesson plans, editable 
slide presentations, student worksheets, and solution guides for 
each project or unit. All instructions are written in a self-paced, 
student-friendly manner so that teachers can adopt a facilitator 
role. Professional development workshops were conducted with 
pilot teachers to gather feedback and refine the materials. One 
pilot program with elementary educators revealed that, after 
going through the training and teaching a summer camp with Snap
pyXO, six out of seven teachers felt confident to continue using and 
teaching with SnappyXO on their own. This was a crucial outcome: 
building teacher confidence and capacity.

The availability of premade curriculum also mitigates the typical 
barrier of “what do I do with this kit?” that often prevents integra
tion of new technology into classes. Moreover, the curriculum was 
designed to allow flexible implementation. Teachers can use it as a 
standalone course (e.g., a semester-long robotics elective in middle 
or high school) or as supplemental modules inserted into science/ 
technology classes. The units are modular, so for example, a 
teacher could just pick a couple of SnappyXO projects to enrich 
an existing physics unit on simple machines.

Recognizing the constraints of class time, we also created short 
video tutorials, project instructions, and examples for students. 
This proved particularly useful during the COVID-19 pandemic, 
when some or all learning had to move online. In fact, SnappyXO’s 
curriculum and platform were adapted for fully remote delivery in 
2020: students were shipped kits to their homes and instructors 
taught via video conference, using digital resources to guide 
builds. Despite the challenges of virtual instruction, teachers 
reported that students remained motivated and actively collabo
rated through virtual means. This experience underscored the 
value of having a well-structured curriculum and support system; 

even in remote settings, it was possible to facilitate meaningful 
hands-on learning with SnappyXO.

5.4 Multidisciplinary Learning. An intentional outcome of 
SnappyXO’s curriculum is that it blends multiple STEM disci
plines in a natural way. A single SnappyXO project can involve 
mechanical engineering (designing linkages or structures), electri
cal engineering (wiring motors and sensors on the robot), and com
puter science (programming the robot’s behavior). For example, a 
project to build an autonomous rover will require students to design 
the chassis and drive train (mechanical), connect and power the 
sensors/actuators (electrical), and write code for the microcontrol
ler to navigate (computer science). By encountering all these ele
ments in one cohesive project, students appreciate the interplay 
of disciplines—a hallmark of real-world robotics. This integrated 
approach also caters to different interests: a student drawn to 
coding might take the lead on that part while another who enjoys 
building focuses on the mechanism, but both have to communicate 
and ensure their sub-systems work together. Teachers observed 
that this led to high engagement: students “bounced ideas off 
each other” and learned to seek teammates’ input to solve prob
lems. The SnappyXO curriculum emphasizes reflection on both 
successes and failures, prompting students to think about why a 
design worked or not, thereby reinforcing theory through practice. 
In pilot implementations, such as a summer program for 32 ele
mentary students, teachers noted that even in an online format, stu
dents showed excitement in solving open-ended challenges and 
took pride in their unique creations. In summary, the pedagogical 
integration of SnappyXO revolves around providing an authentic 
engineering experience in an academic framework. The combina
tion of a robust curriculum, teacher support, and alignment with 
standards makes it feasible for schools to adopt SnappyXO as a 
regular part of their STEM offerings, not just an extracurricular 
novelty. The next section will discuss evidence from case studies 
and pilot programs that validated the educational effectiveness of 
this approach.

6 Case Studies and Validation
SnappyXO has been deployed and evaluated in a variety of edu

cational settings as part of NSF STTR Phase I and Phase II research 
[51]. These pilot studies provide insight into the platform’s usabil
ity, learning outcomes, and impact on student engagement. Below, 
we summarize key findings from several case studies across K-12 
and early college contexts.

6.1 Elementary School Pilot (Riverhead Central School 
District). In Summer 2020, a pilot program was conducted with 
the Riverhead Central School District in Long Island involving 
32 elementary students (grade 4) and 8 teachers. This program 
took place during the COVID-19 pandemic and was run fully 
remotely. Each student received a SnappyXO kit at home, and 
teachers led the design activities via bi-weekly Google Meet ses
sions. The curriculum focused on basic mechanical design and 
robotics concepts suitable for upper elementary level, following a 
flipped classroom model where instructional resources (videos 
and guides) were provided on a website for students to review at 
their own pace. Students were highly motivated by the hands-on 
nature of the activities, and they demonstrated creativity in their 
solutions to design challenges. For example, one task asked stu
dents to design a mechanism that could “make a character hop”; 
different teams came up with different linkage configurations to 
achieve a hopping motion. Teacher feedback was very positive. 
In pre- and postpilot surveys, six out of seven participating teachers 
reported that they felt prepared to deliver a SnappyXO-based cur
riculum in the future and agreed that SnappyXO provided a valu
able hands-on engineering experience for their students. The only 
hesitation from some teachers was the difficulty of doing this 
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virtually—they noted that remote implementation was an obstacle 
to interaction, and they were eager to teach SnappyXO in person 
once schools reopened. Once the school reopened for in-person 
instructions, the SnappyXO program ran again in the summer 
next year. The Riverhead pilot also provided iterative feedback 
that was used to refine the curriculum materials (e.g., improving 
the clarity of instructions for remote contexts). Thereafter, 
several other elementary schools in Long Island adopted Snap
pyXO as a solution for STEM enrichment and learning for their 
students.

6.2 Informal STEM Camp (Long Island Explorium). The 
Long Island Explorium, a children’s science museum and STEM 
education center, has been running a series of camps using Snap
pyXO kits for children ages 6–11. According to the Explorium’s 
Director of Education, the SnappyXO framework “worked bril
liantly to guide their students into creating more and more 
advanced builds.” She observed that the kit allowed each child to 
work at their own pace, which is especially beneficial in a mixed- 
ability group. By the end of the week, campers had built a variety of 
imaginative creations—from “hopping bunnies” to dancing robots 
—far beyond what the instructors initially expected for that age 
group. “I particularly appreciated how the kits allowed each 
camper to invent, tinker, explore, and create designs that are 
more sophisticated than you might expect for their age group,” 
the Director noted. Importantly, the success in an informal learning 
environment like a camp demonstrates SnappyXO’s versatility: it 
can engage young makers in a free-form setting just as well as it 
can align to standards in a classroom.

6.3 Middle/High School Summer Program. During Phase 
II, in Summer 2021, the Manufacturing and Technology Resource 
Consortium (MTRC) of Long Island organized a three-week 
Design & Robotics summer program using SnappyXO Advanced 
Robotics Kit for 30 students ranging from middle to high school 
(ages 12–17). These students came from 29 different school dis
tricts across Long Island, reflecting a diverse cross section of back
grounds. The program was conducted in a hybrid format: kits were 
sent to each student, and instruction happened online due to 
ongoing pandemic precautions. This program was particularly 
valuable in testing SnappyXO’s scalability and remote delivery 
at a larger scale. The result was very encouraging—every student 
was able to actively participate in building and programming 
robots, even though they were not physically in the same location. 
We conducted daily check-ins and used breakout rooms for team 
collaborations. Projects included building a two-wheel differential 
drive robot with servos in autonomous and remote-controlled mode 
and eventually ending with a capstone design project. The distrib
uted nature of participants (each in their own home) showed that 
with the right resources, hands-on PBL can be accomplished 
remotely: students were mailing photos of their robots, sharing 
code snippets on Slack, and even doing informal “show-and-tell” 
demos of their creations over video. This program also served as 
a stress-test for our online resources—any unclear instructions 
quickly became evident when students tried to use them indepen
dently. We used this feedback to improve the user interface of 
the SnappyXO projects application and the documentation. At 
the conclusion of the camp, we collected surveys which indicated 
high levels of satisfaction; most students said they learned “a lot” 
about engineering design and would recommend the program to 
friends. Many had never done a robotics project and they com
mented on how SnappyXO was challenging but also more reward
ing because they “had to figure things out” rather than just follow 
steps. This aligns with our goal of instilling real problem-solving 
skills.

6.4 Freshman Design Course (Stony Brook University). 
SnappyXO was created by the author primarily to satisfy the 

learning outcomes of his MEC101: Freshman Design Innovation 
class at Stony Brook University. Even before it became available 
widely to other students and schools thanks to the support from 
the National Science Foundation awards, his students have been 
using it for almost a decade now. MEC101 was created via an Inno
vation in Instruction and Technology award [52]. In this rather 
large enrollment class (typically 175+), students learn mechanical 
design, electronics, and microcontroller programming in the 
context of engineering design and robotics. To enable problem- 
and project-based learning and free-up class time, the class is 
flipped. In this format, students watch the instructor’s Khan- 
academy style videos at home and come to class for just-in-time 
learning delivered as focused topical presentations followed by 
in-class activities.

Each home work assignment in this class contains at least one 
hands-on design and build exercise, often done in a team of two 
students. For example, in the Mechanisms and Motion module, 
the homework assignment is to design a wiper mechanism on top 
of a rover, build it using SnappyXO, and then program a microcon
troller to move it in a controlled way. The class ends with a cap
stone robot design project wherein students are allowed to 
propose a problem to solve. Even at the college level, typical 
incoming students haven’t been exposed to open-ended design in 
robotics. The instructor of the course reported that using Snap
pyXO significantly improved the students” understanding of 
kinematics—something that is hard to convey through theory 
alone. The unified hardware also means that teams can attempt 
very different projects (walking robot such as biped, quadruped, 
hexapod, and toy robots) all with the same kit, which is logistically 
convenient and cost-effective for the course. This demonstrates 
potential for SnappyXO’s use in higher education, especially in 
first-year engineering programs that aim to give students a taste 
of design and robotics. In fact, MEC101 is also offered in 
several high schools as a way to provide college credit or dual- 
enrollment engineering courses, which can help with student reten
tion and recruitment into engineering majors. The curriculum for 
MEC101 is freely available at online6 under High-school and 
College. Figure 11 shows a few autonomous robot designs by 
student teams in the MEC101 class.

Across these case studies, a few common themes emerge: 
(1) students show increased engagement and creativity when 
given the freedom to design; (2) teachers appreciate the alignment 
to standards and the improvements in student problem-solving 
skills; (3) SnappyXO’s scalability (both in terms of difficulty 
and logistical use in different environments) is validated; and 
(4) the platform lowers barriers to entry for schools new to robot
ics. In conclusion, the pilot implementations of SnappyXO have 
provided proof-of-concept that the platform can deliver meaning
ful educational outcomes. Students from elementary to college 
level have successfully built and programmed robots of their 
own design, an experience that most had never had before. In 
the next section, we compare SnappyXO against existing solu
tions and discuss its unique advantages in the educational robotics 
landscape.

7 Discussion: Advantages Over Existing Kits and 
Value Propositions

This section synthesizes how SnappyXO Design addresses the 
limitations identified in Sec. 2 and articulates its value propositions 
relative to existing educational robotics platforms. Rather than reit
erating deficiencies of current kits, we focus on how SnappyXO 
operationalizes design-centric, scalable, and open robotics learning 
in practice.

7.1 Design-Centric Learning and Creative Divergence. 
SnappyXO is fundamentally structured as an open-ended design 

6https://snappyxo.io/curriculum
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platform rather than an instruction-driven assembly system. Instead 
of converging students toward predefined robot models, the plat
form supports problem formulation, mechanism ideation, and iter
ative refinement with no single “correct” solution. As observed 
across pilot deployments, groups given the same design challenge 
routinely produced structurally and kinematically distinct solu
tions. This divergence is pedagogically significant: it shifts class
room emphasis from execution to reasoning about design 
trade-offs, constraints, and performance.

A distinguishing feature of SnappyXO is the integration of 
MOTIONGEN and DESIGNER, which enables students to engage directly 
with motion synthesis and custom part creation. While many edu
cational kits emphasize programming behavior, few provide tools 
for designing motion itself. By allowing learners to specify 
desired motion outcomes and realize corresponding mechanisms 
physically, SnappyXO supports an authentic engineering workflow 
that bridges abstract kinematic reasoning and tangible prototyping. 
This capability enables design experiences typically reserved for 
advanced undergraduate courses to be introduced earlier and at 
developmentally appropriate levels.

7.2 Affordability and Programmatic Scalability. Afford
ability is central to SnappyXO’s educational impact. By relying 
on planar hardware and off-the-shelf electronics, the platform sub
stantially reduces per-student cost relative to mainstream kits. This 
cost structure enables classroom-scale deployment, one-to-one 
student access, and reuse of the same hardware inventory across 
multiple grade levels. In contrast to age-specific platforms, Snap
pyXO supports a vertically integrated learning pathway in which 
increasing sophistication arises from project complexity rather 
than from changing kits.

Scalability also extends to logistics and maintenance. Replace
ment parts are inexpensive and, in many cases, locally fabricable 
using common makerspace tools. Standard batteries, open micro
controllers, and design software further reduce total cost of owner
ship and simplify long-term adoption. These factors collectively 
lower barriers for schools seeking to integrate robotics beyond 
enrichment settings and into core instructional time.

7.3 Open Architecture and Technical Authenticity. Snap
pyXO’s open architecture distinguishes it from closed, vendor- 
specific ecosystems. Mechanically, the standardized hole-and-clip 
interface accommodates a wide range of commercially available 
sensors, actuators, and controllers. Pedagogically, this flexibility 
allows instructors to tailor projects to curricular goals and 
student readiness while exposing learners to components and work
flows commonly encountered in higher education and industry.

On the software side, SnappyXO does not constrain users to a 
single programming environment. Students may progress from 
block-based interfaces to text-based programming in C/C++ or 
PYTHON using the same hardware, supporting continuity in compu
tational skill development. This openness reduces platform 

obsolescence and aligns with maker-oriented and research- 
informed STEM pedagogies that value extensibility and 
experimentation.

7.4 Educational Efficacy and Evidence From Practice. 
SnappyXO was developed through iterative research and deploy
ment, incorporating project-based learning principles and sustained 
educator feedback. As demonstrated in the case studies presented 
in Sec. 6, students across age groups were able to design and 
build original robotic systems, while teachers reported increased 
confidence in facilitating open-ended engineering activities. 
These outcomes suggest that the platform supports learning goals 
beyond competition performance, emphasizing design reasoning, 
collaboration, and systems thinking.

By combining low cost, design expressivity, and curricular 
support, SnappyXO broadens participation in robotics education, 
particularly in contexts with limited resources. Its value lies not 
only in technical capabilities, but in enabling learning experiences 
that are difficult to realize with conventional kits.

Summary. Taken together, SnappyXO offers a cohesive solu
tion that integrates design-centric hardware, generative software 
tools, and standards-aligned curriculum within an open and afford
able framework. Rather than replacing all existing platforms, it 
complements competition-oriented or advanced fabrication systems 
by emphasizing early and sustained engagement with engineering 
design. In this sense, SnappyXO occupies a distinctive position 
at the intersection of learning tool and invention kit, supporting 
authentic, scalable, and adaptable robotics education.

8 Conclusions and Future Work
This article presented SnappyXO Design, an NSF-funded trans

lational robotics platform aimed at revolutionizing STEM educa
tion through a design-first approach. SnappyXO’s hardware kit 
introduces a unique combination of planar modular parts and com
pliant snap-fit connectors, enabling students to build a vast array of 
robots and mechanisms with a minimal inventory of components. 
We detailed how the kit’s technical innovations—from its 
alphabet-shaped clips that enforce geometric and kinematic con
straints to its integration with common electronics—provide an 
open-ended yet structured way for learners to engage in authentic 
engineering design.

Alongside the hardware, the SnappyXO ecosystem includes a 
motion design and simulation software, as well as a comprehensive 
curriculum for K-12 and beyond, forming an end-to-end solution 
for educators to implement project-based learning in robotics. 
Through case studies spanning elementary schools, STEM 
camps, high school programs, and even college courses, we vali
dated SnappyXO’s educational impact. The results indicate that 
students using SnappyXO gain not only coding skills, but also a 

Fig. 11 From left to right: a two-degree-of-freedom legged quadruped, a guitar playing robot, and a one-degree-of-freedom 
six-bar linkage based walking robot with several other mechanisms
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deeper understanding of mechanical design and systems thinking, 
learning to prototype, test, and iterate like real engineers. More
over, SnappyXO’s affordability and scalability mean that it 
can be deployed in contexts where robotics was previously imprac
tical, thereby democratizing access to quality hands-on STEM 
learning. In essence, SnappyXO offers a balanced blend of being 
a research-driven educational innovation and a ready-to-use class
room tool, aligning with the goals of translational robotics to bring 
lab innovations to real-world users.

In future, we plan to expand MOTIONGEN synthesis coverage to 
broader mechanism classes (including 3D), deepen integration 
between synthesized mechanisms and manufacturable part 
export, and continue advancing UI to integrate advanced functions 
and features to support industry users. On the hardware side, we 
will add multiplane motion transmission with extendable shafts 
and constrained rotational joints for power transfer across planes. 
Moreover, we will achieve manufacturing consistency via injection 
molding all the parts (in addition to laser cutting) that will remove 
laser taper (“asymmetric fit”), increase dimensional consistency, 
and enable tuning material properties (e.g., “softer material for 
clips” to adjust flexibility).
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