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Abstract: This paper is focused on the design and development of the Porcospino Flex, a single-
track robot inspired by nature and featuring a meta-material structure. In the earlier version of the
Porcospino, the main body was composed of a chain of vertebrae and two end sections linked by
flexible joints, but the excessive use of materials in 3D printing and the resulting weight of the robot
posed challenges, ultimately leading to a decrease in its overall efficiency and performance. The
Porcospino Flex is manufactured through the fused deposition modeling process using acrylonitrile
butadiene styrene and thermoplastic polyurethane, featuring a singular meta-material structure
vertebral column. The adoption of a lattice structure in the main body of the Porcospino Flex leads to
a substantial increase in performance, reducing its weight from 4200 g to 3600 g. Furthermore, the
decrease in weight leads to a reduction in material usage and waste, making a substantial contribution
to the sustainability of the robot. The discussion focuses on the testing results of the Porcospino Flex
prototype, highlighting the enhancements observed compared to its prior version.

Keywords: snake robot; worm robot; tracked locomotion; single-track; compliant mechanism; meta-
material structure

1. Introduction

There has been a notable surge in the growth of service robots. Navigating ground mo-
bile robots effectively in both structured and unstructured environments poses a significant
challenge for the future [1]. The versatility of ground mobile robots makes them suitable
for a wide range of applications, including agriculture, planetary exploration, military
operations, demining, counter-terrorism, surveillance, and reconnaissance in hazardous
conditions [2]. Going beyond their commercial use in indoor industrial settings, ground
mobile robots have the potential to significantly impact many different fields.

The design of ground mobile robots is profoundly interdisciplinary, involving elements
of mechanics, vision, cognition, and navigation. There are various locomotion principles
for ground mobile robots, including wheeled [3,4], legged [5,6], tracked [7,8], and hybrid
designs [9–12]. Moreover, other bio-inspired locomotion principles are proposed in the
scientific literature [13–15]. Each design choice involves a trade-off between various factors,
including their maximum speed, obstacle crossing ability, step/stair climbing ability, slope
climbing ability, walking capability on soft terrain, walking capability on uneven terrain,
energy efficiency, mechanical complexity, control complexity, and technology readiness [2].

Tracked robots have excellent motion capabilities on uneven and yielding terrain.
This is due to their large contact surface with the ground, which provides greater stability
and traction compared to other design options, even if they are generally slower and less
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efficient than wheeled robots [16]. To conjugate the performance on soft grounds and the
capability of moving in narrow spaces, researchers have proposed snake-like tracked robots,
composed of a series of tracked modules capable of adapting to the terrain irregularities,
which represent a promising solution for inspection and surveillance tasks in challenging
environments [17,18].

An alternative approach to designing robots for inspecting confined spaces is to
outfit a worm-like robot with a solitary peripheral track [19]. An example is the Flexible
Mono-Tread Mobile Track (FMT), with steering and maneuverability capabilities [20].
Another single-track robot is the Reconfigurable Continuous Track Robot (RCTR), which
can actively bend its column to overcome obstacles but has poor steering capabilities [21].
A third example of a single-track robot is the Porcospino, characterized by track modules
with elastic spines to enhance its obstacle-crossing ability [22].

Modern manufacturing has undergone a radical change because of the incorporation
of robotic and 3D printing technology. The design iteration process has been simplified and
has never been possible with the level of customization made possible by three-dimensional
(3D) printing’s rapid prototype production and ability to build complicated shapes [23].
Additionally, this technology has greatly decreased material waste, which is consistent
with sustainable production methods [24]. In the meantime, robotic parts have become
highly accurate workhorses that can do repetitive operations with unmatched precision.
Their agility and unwavering work ethic have resulted in significant gains in efficiency and
output. Furthermore, robots perform exceptionally well in dangerous settings, reducing
the dangers to human workers and enhancing general workplace safety [25].

By integrating compliant mechanisms and meta-materials, the design of a bio-inspired
snake-like robot can undergo substantial enhancements. Recently, improvements in addi-
tive manufacturing (AM) technologies, also known as 3D printing, have made it possible to
make meta-structures with 2D or 3D lattices that can deform in both elastic and elastoplastic
ways [26]. Currently, there is an ongoing demand to decrease the weight of structures while
preserving their primary attributes and even improving them. One prevalent approach to
accomplishing these objectives involves the development of lattices or meta-structures [27].
Ref. [28] examined the unique mechanical properties of origami tubes and provided a
novel way of linking them in a zipper-like fashion. Thin sheets in tension, compression,
and shear were used in these assemblies for any deformation mode that deviates from
the recommended deployment order. Stacking and combining origami tubes into differ-
ent cellular structures increased the mechanical qualities and adaptability of the robot.
Subsequent developments and enhancements of this methodology investigated geomet-
ric arrangements to augment stiffness-to-weight ratios, influence energy dissipation, and
augment mechanical characteristics. Also, there are other ways to improve the maneuver-
ability and performance of robots. Ref. [29] introduced a 3D-topology-optimization-based
approach for multi-axis flexure joint design. Utilizing a multi-objective algorithm, the
optimization considered torsional stiffness and rotational flexibility across different axes of
the joint structure. Artificial spring elements were incorporated to ensure a balanced stress
distribution.

Meta-materials are often defined as engineered materials possessing properties that
are uncommon or absent in natural materials. They are typically structured with repetitive
cellular geometries [30]. Meta-materials are used in robotics in a variety of ways [31].
They can be designed not only to obtain specific mechanical features but also to have
specific responses to electromagnetic radiation, for example, for microwave filters, cloaking
devices, and superlens applications [32]. Meta-structures are widely used to achieve
enhanced performance and functionalities in a variety of fields, including photonics [33]
and acoustics [34].

By using them, lightweight and highly strong components may be made, improving
the overall performance and efficiency of robotic systems. As an instance of this, Dikici
et al. designed a soft, pneumatic crawling robot utilizing a meta-material structure and
fused deposition modeling (FDM) process, enabling it to navigate through pipes [35]. The
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lightweight robot exhibits substantial expansion and deformation capabilities, thanks to its
lattice structure, resulting in high performance. Focusing on mechanics, meta-structures
are designed to exhibit specific mechanical properties, such as high stiffness, low density,
and low thermal conductivity [36]. This leads to the creation of new materials for various
applications, such as structural and vibration control [37]. Therefore, incorporating meta-
structures into robots aids in minimizing material usage, reducing waste, and decreasing
the weight of the robot.

This paper aims to create and advance a bio-inspired, single-track robot known as the
Porcospino Flex. The research goals include reducing of the robot’s weight, minimizing
material usage, enhancing efficiency, and improving maneuverability. These enhancements
contribute to a greener design, resulting in a more sustainable and efficiently functioning
robot. Thus, the vertebral column of the Porcospino [22] is reinforced and developed with
a lattice structure to decrease the overall weight of the robot, subsequently enhancing its
energy efficiency. The Porcospino Flex is fabricated and developed using FDM 3D printing
technology. The robot’s structure is printed using thermoplastic polyurethane (TPU) and
acrylonitrile butadiene styrene (ABS) materials. The lightweight meta-material core enables
excellent structural compliance in the robot, enhancing maneuverability at higher speeds.
The design’s lower stiffness provides the advantage of allowing the robot’s body to bend
up to 120 degrees. Additionally, the production time decreases substantially due to the
reduction of the number of printed pieces from 40 to a continuous vertebral column. The
details of robot development are thoroughly examined to investigate its performance in the
following sections.

2. The Functional Design of the Porcospino Flex

Millipedes (Figure 1, left) are distinguished by a segmented body structure consisting
of several repeating units or segments, joined by movable joints, which confer remarkable
flexibility and adaptation in negotiating challenging terrain [38]. They move in unison
by contracting and extending these segments one after the other, using wave-like motion
patterns that propel them remarkably well. Due to their unusual gait, millipedes can
traverse a variety of situations by swaying their bodies and utilizing traction and friction to
move forward while maintaining stability.
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On the other hand, the characteristic feature of porcupines (Figure 1, right) is a coat of
sharp, barbed quills covering their bodies, serving as a robust barrier against predators [39].
Because of the weight and bulkiness of their quills, they must walk slowly and deliberately
to navigate their surroundings. This requires cautious and methodical strides. Due to their
distinctive way of moving, porcupines must balance carefully and make strategic motions
to avoid injuring themselves with their protective quills while navigating different types of
terrain.
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The Porcospino Flex has been conceived, drawing inspiration from millipedes and por-
cupines. The design process begins with the creation and development of each component.
These parts are meticulously designed and assembled to minimize errors and material
waste. The 3D schematic of the Porcospino Flex robot is illustrated in Figure 2, measuring
670 mm in length, 165 mm in width, and 145 mm in height. The vertebral column of the
Porcospino Flex (see Figure 3) is composed of a unified single body with 16 sections. A
2D lattice structure is designed to work as the main body of the robot. Between adjacent
sections, there are fifteen 8◦ grooves, which enable the entire column to bend at 120 degrees.
This compliant vertebral column, with low stiffness for the yaw rotation, allows for lateral
flexion for steering with low energy consumption. The design is carefully chosen to prevent
collisions with other components while also minimizing weight. Additionally, it needs
to be sufficiently rigid to prevent buckling due to the placement of the battery, motor
drivers, and control unit. The body dimensions are 440 mm in length, and 120 mm in
width, with a thickness of 10 mm. As a result, the main body is rigid enough to maintain its
structural integrity, yet it possesses flexibility in two directions, providing the robot with
greater freedom of movement. This particular design is selected to enhance the stability
and rigidity of the robot while still maintaining its mechanical properties and performance.
Achieving this design involved a process of trial and error, considering both component
assembly and flexibility requirements. The central portion of the 2D design must possess
sufficient rigidity to accommodate the electrical components effectively. Consequently, this
design contributes to the overall stability of the robot. Additionally, the inclusion of lateral
supports during assembly complicates the adoption of alternative designs.
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The robot has symmetrical end modules that are symmetric in shape both with respect
to the front–rear and the up–down planes (see Figure 4). Figure 4 shows the location of
the control unit (CU), batteries (Bs), and motor drivers (MDs) along the vertebral column,
where additional sensors for specific tasks can be placed. Each end module consists of two
actuators, a track actuator (TA) and a steering actuator (SA). The DC motor TA controls
the movement of the two sprockets (TSs), while the gearmotor SA is linked to the winch
(W), responsible for driving the lateral flexion of the column by pulling the rope (R). The
rope threads through the holes (Hs) in the vertebrae (refer to Figure 5) and is secured at
one end to the winch and at the other end to the opposing end module. To execute lateral
steering, the robot pulls the rope on the side towards the center of the intended turn while
simultaneously releasing the opposite rope.
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Moreover, Figure 5 depicts a closeup of the track modules. They are distinguished by
center apertures (see Figure 5, O) that permit an intermittent view through the two cameras
installed on the end modules (see Figures 4 and 5, CAs). The lateral supports attached to
each vertebra (see Figures 4 and 5, LSs) and the guiding pegs attached to the track modules
(see Figure 5, GP) ensure the guidance of the tracks (see Figure 5, TMs) along the vertebral
column. Spherical joints (see Figure 5, SJs) are used to link the track modules. The male
and female spherical parts of the spherical joint are created by printing precisely on the
tracked module, and the female part’s elasticity makes it possible to assemble the joint. The
track spines (Figures 4 and 5, Ss) and the guiding pegs of the track modules (see Figure 5,
GPs), on the other hand, are printed separately and connected by interference.
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The camera vision is operational only when it is aligned with a track opening. With
a track spacing of 40 mm and a standard robot speed of 0.1 m per second, the camera’s
perspective can be refreshed at a rate of 2.5 frames per second. Although this may not be
considered to be high, it is adequate for directing the robot, given its relatively slow pace.
Therefore, this constraint is not especially significant for regular inspection tasks; in any
event, the robot can pause for ongoing monitoring.

3. The Embodiment Design of the Vertebral Column

The vertebral column can perform a maximum 120◦ yaw flexion for steering with an
elastic return force due to its compliant realization; on the contrary, the spherical joints that
connect the track modules have no elastic return force, and the track shape is guided by
the contact between the guiding pegs (CPs) and the lateral supports (LSs) (Figure 5). The
vertebral structure is not compliant only in the yaw direction for active steering but also in
the pitch and roll directions for its passive adaptation to ground unevenness.

The proposed compliant body design, shown in Figure 3, is realized in a TPU 95A
elastic material and connected to the end modules of the robot. The grooves in the body
define the maximum relative yaw motion (8◦ between two adjacent vertebrae), while they
have a minimal effect on pitch and roll flexions. This means that they can passively adapt
to the terrain profile through passive retroflection and torsion. This design helps to increase
the robot’s flexibility and versatility, making it capable of navigating through a range
of environments with ease. The use of a TPU 95A material provides the robot with the
required durability and structural resistance.

The continuous, compliant vertebral column of the Porcospino Flex offers several
advantages over the previous version of the Porcospino [22], which had separate vertebral
units connected by compliant joints. These advantages include:

• The weight being reduced by 650 g (total weight of the robot is 3.6 kg instead of 4.2 kg);
• The production speed being increased and the cost reduced due to the elimination of

the assembly process;
• The shock resistance being enhanced due to the softer main body structure.

The reduction in weight can lead to notable improvements in agility and maneuverabil-
ity, especially in scenarios where precise movements and navigation through tight spaces
are required. Additionally, the decrease in weight contributes to the robot’s sustainability
by reducing material usage and waste, aligning with the growing emphasis on eco-friendly
designs in robotics. Furthermore, while the weight reduction alone may not completely
overhaul the capabilities of the old robot, it serves as one aspect of a broader optimization
effort that likely includes improvements in structural design, material selection, and overall
performance. Thus, while reducing weight may not be the sole solution for enhancing
the robot’s capabilities, it undoubtedly plays a crucial role in its overall improvement and
merits further consideration and elaboration.

To better understand the structural behavior of the vertebral column, a finite element
modeling (FEM) model is created to analyze the displacements and von Mises stresses that
occur during bending. In analyzing the robot’s main body through the FEM, the simulation
was executed using PTC Creo Simulate 7, a robust software tailored for structural analyses.
Primarily, a comprehensive 3D model of the body was created, and every aspect of its
geometry was precisely defined. The simulation utilized the flexible material TPU 95A with
the goal of accurately simulating the bending behavior of the main robot’s body. Tetrahedral
and hexahedral components were used in tandem with a careful meshing technique to
achieve this. In order to maintain simulation accuracy while accurately capturing the
body’s complex shape, this mesh arrangement was used. Throughout the model, the
mesh size was carefully adjusted, using smaller elements, particularly around crucial
stress zones, including the body’s two ends, to accurately depict the distribution of stress
while maintaining computational efficiency. An accurate assessment of the body’s flexural
behavior was made possible by the strategic decision to include the center of the body
as a constraint inside the simulation. This decision resembled the situation in which the
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body’s center remained clamped or fixed, consequently providing a reliable representation
of real-world events.

Figure 6 shows the detail of the FEM mesh of the vertebral column, characterized by
tetrahedral elements with a maximum size of 2 mm. In the FEM analysis, the displacements
of the central section of the vertebral column are constrained, and forces are applied to the
end modules, simulating the action of the active steering rope on the internal side of the
turn. Figures 7 and 8 show the distributions of the von Mises stress [kPa] and displacement
[mm] of different rope tensions (4, 5, and 6 N), respectively. As Figure 7 shows, the most
stressed zones are the restrictions close to the grooves, as expected.
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Given that the robot track body was 3D printed using a TPU material, it was deter-
mined that the material’s breaking strength exceeded the values obtained from the analysis.
This demonstrates a successful outcome, as the ultimate tensile stress for TPU is 23.7 MPa
in the xy plane. Figure 8 shows that a maximum displacement of 80 mm of the vertebral
column ends can be obtained by applying a 6 N rope tension; however, this FEM model can
provide only a rough estimation of the necessary steering force, since it evaluates only the
elastic return force of the vertebral column, while many friction phenomena (rope–vertebral
column, track–vertebral column, track–terrain) are neglected. As a consequence, the tests
on the prototype are necessary for the complete evaluation of the structural behavior of the
assembled robot.

4. Prototype Realization

The process of 3D printing begins with the creation of a 3D model of all the components
using specialized Creo software. The models were then converted into STL files, which
can be opened and adjusted in Cura software 4.1, and subsequently printed using an
FDM machine. The Ultimaker S3 was utilized to print all the components of the robot.
Due to the constraints of the 3D printer workspace, the main body was divided into
two parts. The initial prototype of the vertebral column, depicted in Figure 8, was 3D
printed using a TPU95A material from the Ultimaker company. Figure 9 displays the spinal
column assembled alongside the white lateral supports, which were produced using an
ABS material provided by the Ultimaker company. It has been used to experimentally
evaluate the compliance along the different rotation directions. Figure 10 left represents
the maximum lateral (yaw) flexion for the actuated steering. When the angle of rotation
between the two end modules reaches 120◦, the lateral supports on the internal side of the
turn are in contact, and the turning radius is at its minimum (165 mm). Figure 10 right
shows the pitch rotation for passive retroflection, which is useful to adapt the robot shape
to the terrain profile. Figure 11 shows the robot assembled with all the components except
the track, while Figure 12 depicts the complete prototype of the Porcospino Flex. The
track components (grey) are printed using an ABS material because of their high strength
and favorable mechanical properties. The 3D printing parameters for all components are
detailed in Table 1.
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Table 1. The 3D printing parameters for the robot’s components.

Parameter
Material

TPU 95A ABS

Nozzle Temperature [◦C] 225 245
Bed Temperature [◦C] 25 85
Print Speed [mm/s] 25 60
Layer Height [mm] 0.15 0.15
Infill Density [%] 100 100

To control the robot’s navigation, it was decided to adopt a Raspberry Pi 4B board
with 8 GB of RAM, with the main features summarized in Table 2. The selected track
actuators and steering actuators hosted in the end modules are Micromotors RH158 brushed
gearmotors, with different reduction ratios (1:198.5 for the two TA and 1:243.8 for the two
SAs); their features are listed in Table 3.

Table 2. The main features of the controller board.

Overall Dimension 85 × 56 mm

Processor Broadcom BCM2711, quad-core Cortex-A72 (ARM v8)
64-bit SoC @ 1.5 GHz

Memory 8 GB
Video 2 × micro HDMI ports (up to 4Kp60 supported)
Connectivity 2.4 GHz and 5.0 GHz IEEE 802.11b/g/n/ac wireless
Power supply voltage 5V DC via USB-C/GPIO & PoE
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Table 3. The main features of the TA and SA gearmotors.

Parameter Rh158 200
(Track Actuator)

Rh158 250
(Steering Actuator)

Nominal voltage [V] 12 12
Length [mm] 69 69
Reduction ratio 198.5 243.8
Nominal torque [N·cm] 100 100
Speed at no load [rpm] 33 26
Speed at nominal torque [rpm] 23 21
Current at no load [mA] 140 140
Current at nominal torque [mA] 580 500
Input power [W] 7.0 6.0

5. Experimental Tests

At present, experimental tests are underway on the first prototype of the Porcospino
Flex, which is operated remotely using radio control. These tests are instrumental in
assessing the overall functionality of the proposed mechanical design and evaluating the
robot’s ability to navigate uneven terrain by adapting to the environment using the passive
retroflection and torsion of the compliant vertebral column.

Figure 13 shows the Porcospino Flex climbing a square step with a height of 70 mm,
exploiting the grasping of the spines in the first phase of the edge being overcome (t = 1.0 s)
and the passive retroflection of the compliant vertebral column during the whole maneuver.
Figure 14 represents the robot climbing two steps with the same height of 70 mm placed
at a distance of 215 mm. Figures 15 and 16 are related to tests in outdoor environments.
In particular, Figure 15 illustrates a maneuverability test on grassy terrain, which is the
most critical for steering due to the interactions between the spines and the grass, while
Figure 16 shows the robot on asphalt, climbing the edge of a sidewalk with a height of
70 mm. The successful execution of the maneuvers in Figures 13–16 is shown in Ref. [40].
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The Porcospino Flex’s confirmed power drop of 2.134 W to 1.830 W, or of around 15%
less, indicates a noticeable change from its previous version. Nonetheless, the acceleration’s
consistency is ascribed to the motor’s fundamental qualities and design (0.131 m/s2), which
preserve stability even as the robot loses weight. These operating parameters lead to the
establishment of the resulting speed at 0.16 rad/sec.

The Porcospino Flex represents a significant advancement in robot design, boasting a
lighter construction compared to its predecessor. This weight reduction not only enhances
its speed but also contributes to higher energy efficiency, marking a notable leap forward
in performance. This achievement can be attributed to the streamlined subassembly, a
testament to the continuous main body that sets this version apart from its forerunner. This
structural refinement translates to heightened durability and stiffness, ensuring a robot that
is more resilient and robust in its operations. The innovations in the Porcospino Flex lie in
its adoption of a TPU vertebral column, as opposed to the previous model’s reliance on an
ABS material. This strategic material shift significantly reduces the likelihood of failures
within the robot’s framework, underlining meticulous attention to detail in enhancing its
overall reliability.

The Porcospino Flex exhibits superior maneuverability, a trait attributed to both
the flexibility of its chosen materials and the intricacies of its meta-structured design.
These features work in tandem to enable the robot to navigate its surroundings with
enhanced precision and agility, opening up new possibilities for applications in various
environments. It demonstrates a more resource-conscious approach to material usage,
marking a commendable step towards sustainability. This evolution in design not only
contributes to a more efficient and effective robot but also aligns with a broader commitment
to reducing environmental impact. Compared to the previous version, the guidance
system’s reliability for the track has been enhanced. This was achieved by redesigning
the lateral supports and guiding pegs. The initial experimental tests have demonstrated
the effectiveness of both the locomotion and steering mechanisms. Furthermore, the
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heightened compliance of the vertebral column enables the robot to navigate through terrain
irregularities and obstacles (as depicted in Figures 13, 14 and 16) without compromising
the reliability of the redesigned track guidance system. You can also find the related video
regarding the locomotion system of the robot in [40].

6. Conclusions

This paper explores the Porcospino Flex, an updated iteration of the Porcospino robot.
This version is distinguished by its flexible spine. By incorporating a continuous meta-
structure as the primary body and implementing a redesign, it was possible to decrease
the robot’s total weight from 4200 g to 3600 g. This also led to a reduced production time
and cost. Additionally, the structural resilience to shocks was enhanced by eliminating
bolted connections, which tend to introduce concentrated stresses. The track’s guidance
system reliability has been improved in comparison to the previous version. This was
accomplished through the redesign of the lateral supports and guiding pegs. Both the
locomotion and steering systems are improved and effective in the Porcospino Flex. Also,
the flexibility of the robot’s vertebral column allows it to maneuver through uneven terrain
and obstacles.

The Porcospino Flex presents a versatile solution across multiple application scenarios,
owing to its lightweight design and enhanced performance. Its reduced weight, achieved
through a lattice structure, opens doors to agility and efficiency in demanding environ-
ments. In search and rescue operations, the robot maneuvers adeptly through debris and
confined spaces, aiding in locating and rescuing survivors. Industrial inspections benefit
from its flexibility and maneuverability, allowing access to intricate machinery and infras-
tructure. Moreover, in agricultural and environmental monitoring, the Porcospino Flex
navigates uneven terrain with minimal impact, gathering crucial data without disturbance.
Its lightweight construction further facilitates exploration in hazardous environments,
ensuring safe navigation through challenging terrain. By addressing the pressing need for
sustainability through reduced material usage and waste, the Porcospino Flex emerges
as a pioneering solution poised to revolutionize various fields with its adaptability and
eco-friendly design.

FEM was employed to analyze how the vertebral column behaves under various
loads. The 3D printing technology known as FDM was utilized to manufacture all the
parts of the robot. The assembly of the robot was reduced, and it was constructed using
3D-printed TPU and ABS with compliance distributed throughout. The robot’s durability
has been enhanced by utilizing less-rigid materials and opting for flexible TPU instead.
The Porcospino Flex serves as an illustrative example of employing compliant mechanisms
in robotics. This approach aims to streamline construction and minimize the quantity and
weight of components. In terms of potential applications, the Porcospino Flex is well-suited
for inspecting confined spaces that are challenging for humans or other robotic devices to
access. This is due to its worm-like structure and the capacity to incorporate extra sensors
along its vertebral column.

In summary, the Porcospino Flex stands as a testament to the relentless pursuit of
innovation and excellence in robotics. Its lighter, more efficient build, coupled with its
refined subassembly and novel material choices, combine to create a robot that is not
only faster and more durable but also more environmentally conscious. With its height-
ened maneuverability and reduced material footprint, the Porcospino Flex represents a
significant leap forward in the field of robotics, promising to pave the way for even more
groundbreaking advancements in the future.
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