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Abstract. The mechanical and structural design of quadruped robots is paramount to guarantee reliable operation on
tasks such as industrial inspection. This study aims to rank commercially available polymer-based materials for additive
manufacturing (AM) of low-cost quadruped robots. Finite element simulations are performed to assess the structural
strength of a leg of the open source quadruped robot Solo fabricated with ABS, PC-ABS, PA6, PET and HDPE. The
simulations encompassed static load analysis on the leg parts and impact load evaluations on the entire leg. Using a
stress score criterion, PA6 emerged as the most suitable material for handling impact tests, while HDPE exhibited the
lowest mass and highest lightweight characteristics. The combined score, on which both stress and mass criteria are
accounted for, corroborated PA6 as an optimal choice. Future work could explore the effects of material selection on
robot control dynamics, incorporating joint torque analysis. The findings provide valuable insights to select materials
along the design and fabrication of legged robots, facilitating improved structural integrity and overall performance.
Keywords: Legged Robots, Additive Manufacturing, Finite Element Analysis, Robotics

1. INTRODUCTION

Legged robots offer greater mobility and versatility compared to other mobile robotic platforms, such as autonomous
wheeled vehicles, especially in unstructured environments such as industrial areas, agricultural terrain or mining facilities.
In these circumstances, there is a growing interest in robotic platforms capable of robustly exploring the environment
and autonomously collecting data. The development of legged robots, including bipedal and quadrupedal robots with
bioinspired morphology like ANYmal, MIT Cheetah 3, Ghost Robotics Vision 60, and HyQReal (Bellicoso et al., 2018;
Bledt et al., 2018; Miller et al., 2020; Semini et al., 2019), has been meeting this demand. The capabilities of these
robotic platforms are well demonstrated in Bouman ef al. (2020), where an autonomous exploration test circuit was
performed using the quadruped robot Spot. The test involved navigating staircases, overcoming obstacles on the ground,
and exploring poorly lit rooms. In particular, the robot had no prior information about the environment, such as a map.
Instead, all navigation and localization were solely reliant on the robot’s onboard sensors and computer.

In an effort to improve accessibility and accelerate the development of quadruped robots, open source projects are
leveraging additive manufacturing (AM) with polymeric materials. This approach enables a more affordable and easily
shareable mechanical design compared to designs that require the machining of metallic parts. However, the mechanical
properties of the components are influenced by the AM method, such as Fused Deposition Modeling (FDM), also known
as 3D printing. As a result, the structural strength and robustness of the robot may be compromised in this context (Khan
et al., 2022). To prevent structural failure, it is crucial to incorporate a structural design that considers the mechanical
loads experienced during worst-case scenarios for the quadruped robot. Another essential factor in achieving adequate
structural strength is the selection of materials. Various polymeric materials, including ABS, PLA, Nylon, and carbon fiber
reinforced Nylon, are commercially available for FDM (Walia et al., 2021; Delda et al., 2021). While there are numerous
state-of-the-art design analyses on low-cost robot manufacturing using AM, proposing methodologies for printing param-
eters and assembly, customized approaches are necessary for material selection based on the specific structural-dynamic
loads of the robot and its intended applications.

Another advantage supported by AM is the optimization of material usage per part, leading to reduced costs and a
smaller mass footprint. Decreasing the overall mass of the robot maximizes power efficiency and enhances autonomy,
which is a crucial factor for mobile robots. Taking these aspects into account, the present study proposes an evalua-
tion of commercially available FDM materials based on their mechanical load performance in the low-cost open-source
quadruped robot, Solo (Grimminger et al., 2020). The evaluation process considers static and dynamic load scenarios
applied to one of the robot’s legs, using finite element analysis (FEA). A material selection criterion is proposed based on
the maximum computed von Mises stress under load and the ultimate tensile stress for each selected material. Addition-
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ally, a selection criterion based on the leg’s weight is introduced. As a result, a suitability ranking of the selected materials
for the quadruped robot Solo is presented, considering both structural integrity and manufacturing costs.

2. DEVELOPMENT

The studies described in this paper were conducted using the Solo quadruped robot as the basis. The Solo robot is
specifically designed for research purposes and incorporates various 3D printed parts to reduce the overall weight (see
Fig. 3). The robot has a total mass of 2.2 kg and assumes a standard position with dimensions of 240 mm in height, 420
mm in length and 330 mm in width (Fig. 1a). A detailed view of the 2-DoF leg in its standard position is shown in Fig.
1b. The diagram in Fig. 1c represents the leg impedance control in task space.

The analytical procedure for the material selection proposal and the structural-dynamic characterization will be de-
scribed. First, we discuss the FDM materials suggested for analysis. Subsequently, the finite element simulation setup,
including geometry simplifications and assumed boundary conditions, will be presented.

33cm
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(a) Solo quadruped robot. (b) Solo’s leg description. (c) Dynamic control.

Figure 1: (a) Solo quadruped description, showing the main dimensions and the robot assembly folded. (b) Solo’s leg
dimensions on a standard position. (¢) Equivalent representation of the leg’s dynamic control (Grimminger et al., 2020).

2.1 FDM materials selection

The selection of polymer-based materials for the study took into account their printability, commercial availability,
and mechanical suitability for 3D printing. The following materials were chosen: ABS, PC-ABS, PA6, PET, and HDPE.
According to the official manufacturing instructions, PC-ABS is the recommended material for large structural parts,
while VisiJet M3X, processed using stereolithography (SLA) printing, is recommended for small high-precision parts
(Grimminger, 2020). Polymeric materials for 3D printing were chosen due to their lower cost compared to their metallic
counterparts, which are outside the scope of the present study. Prior to conducting the finite element analysis (FEA), an
assessment of the mechanical properties of the selected materials was performed. The mechanical properties presented
here consider optimal settings for the geometric pattern, infill percentage, printing direction, and layer height, taking into
account the wide variety of FDM printing parameters (Ali et al., 2022; Kannan and Ramamoorthy, 2020; Rodriguez-
Reyna et al., 2022). Table 1 provides an overview of the mechanical properties of the selected materials.

Table 1: Mechanical properties of the selected materials with optimal printing parameters (Ali ef al., 2022; Kannan and
Ramamoorthy, 2020; Rodriguez-Reyna et al., 2022).

Material Youn]gv[ D]/i(:ldulus Poisson ?{ZH/S;Z Tensﬂ]:}iizength
ABS 2000 0.394 1020 30.0
ABS/PC 2410 0.389 1070 40.0
PA6 2620 0.340 1120 90.0
PET 2960 0.370 1420 92.9
HDPE 1070 0.410 952 22.1

2.2 Single link static load simulation

With the purpose of better understanding how the simplified 3D model of the Solo robot leg (Grimminger et al., 2020)
would work with the selected materials, this study makes use of a simulation phase adopting hypothesis that makes it
quick to get the first results that will rank the materials. The simulation performed is a static study of stresses, in which
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the materials are idealized as homogeneous and isotropics. Besides that, it is modulated around a stress-free situation
where the maximum load is the robot’s weight; it was assumed that the weight is equally distributed between the legs
of the robot and that only two of its four legs make contact with the floor simultaneously. To further simplify the study
model, only the upper part of the leg was considered, as shown in Fig. 2, disregarding the assembly in this first stage, in
addition to also making use of a crimp-fixing configuration (Fig. 3a) and application of a punctual force (Fig. 3b).

Figure 2: Part used for the first round of simulations (Model created and simulated by SolidWorks).

(a) Fixation. (b) Point where the force is applied.
Figure 3: (a) Face where the fixation was made in the simulation stress study. (b) Point where the point force of 10.8N
was applied.

Based on our needs, the software chosen for the simulation was SolidWorks 2020, because of its ease of implementa-
tion of a static study of a piece without assembly. To complement the fixing and stressing configuration mentioned above,
a high-quality mesh composed of a total of 44.527 elements was made using the SolidWorks simulation tool.

To confirm the quality of the simulation, a small survey was carried out to understand how the maximum Von Mises
stress changes with the total number of elements in the mesh. For that, 5 points were plotted as shown in Fig. 4, in which
it is observed that as the number of elements in the mesh increases, the maximum stress tends to stabilize. To prove this,
a simple calculation can be done.

‘We choose the last two points of the graph and identify the maximum stress variation between them, as shown in the
Eq. 1.

AU’UM45 = OuMs — OvMy (1)

where Aoy, is the maximum Von Mises stress at point 5 of the Fig. 4, Aoy, at point 4 and Aoy, is the
difference between the two.
In percentage terms:

100

AO’UM45 (%) - . AUv]\/[45 (2)
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With that, it can be determined that from 40,000 elements it is possible to observe the convergence of the value of the
maximum Von Mises stress with a margin close to 2%.
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Figure 4: Maximum stress variation given a number of elements in the mesh for the ABS material.

As mentioned above, a punctual force was used in the study to simplify the model. With other simplifications already
seen, the force applied in this model can be determined as:

Fol:Mol'g; 3)

where F,, is the force on one leg in operation with a load of its own weight, M, represents the weight on one single leg
and g is the gravity acceleration.

Mtot

Mol = D)

4)
where M, is the robot’s total mass.

Considering that in this phase, the robot is represented as if operated with its own load of 2,2 kg (Grimminger et al.,
2020), and that its weight is distributed between two of its four legs as shown in the Eq. 4, the force in each leg is about
1,1 kg. Using 9,81m/s? for gravity, a force of 10,8 N can be found from Eq. 3. This force represents the effort that a leg
has to withstand given the configurations of this stage of the study, which is the value that was applied as the point force
on the leg passing through all selected materials.

2.3 Three link leg impact simulation

One of the most challenging mechanical load scenarios for legged robots is jumping or recovering from a fall. A
standard benchmark for evaluating the performance of a robot’s leg is the vertical leg impact test (Semini et al., 2010). To
compare experimental and simulation results, it is valuable to simulate this specific scenario. However, to strike a balance
between computational efficiency and fidelity to the mechanical model, certain constructive details were omitted during
the mesh generation process. In addition, in the simulation, the materials were idealized as homogeneous and isotropic,
and the behavior of the joints was approximated based on the impedance control. To simplify the leg assembly, the motors,
transmission pulley, and sensors were replaced by an equivalent mass of 100 g on the hip and knee leg links.

COMSOL Multiphysics 5.1 was selected as the simulation software due to its capabilities in structural dynamics and
multi-body dynamics, which are essential for accurately describing the problem at hand. The problem was set up as a
transient structural 3D system using tetrahedral elements of first order. The generated mesh consists of 61.664 elements,
with an average quality of 69 %. The physical configuration of the simulation replicates the experimental vertical leg
impact test described in Grimminger et al. (2020). In the software, it was possible to constrain the degrees of freedom
and create the angular joints for the leg, as well as the prismatic joint that connects the leg to a vertical slider (Fig. 5).
Initially, the leg is positioned 1 mm above the surface of the base, with the collision occurring during the simulation. The
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initial velocity of the leg is set to 2.1696 m/s, equivalent to falling from a height of 240 mm, matching the conditions of
the experimental tests. The static friction coefficient used for the contact between the foot and the base was set to 0.8. The
rotary joints were assigned stiffness and damping values that ensure that the torque acting on them is given by:

T = —ko(0 — 0y) — do )

where kg is the stiffness constant, dy is the damping constant, 6 is the corresponding joint angle, 0 is the joint velocity,
and 0y is the joint angle equilibrium position.

For this simulation, the values used were ky = 106.06 N.m/rad and dy = 0.3536 N.m s/rad. These parameters
characterize the behavior of the impedance control of robot joints. Although these values may not be constant over time
in actual control, for the purposes of the simulation with a short time duration, constant values were adopted for ky and
dy. The simulated time duration was set to 4 milliseconds, with a fixed time discretization of At = 20 us. The numerical
integration method employed was Generalized Alpha, o = 0.75, representing a high-frequency dynamics damping. In
this method, o = 1 indicates no numerical damping, while o = 0 defines maximum damping. The choice of Generalized
Alpha as the integration method was made to ensure numerical stability throughout the solution (Chung and Hulbert,
1993).

Figure 5: Physical diagram of the leg in the simulation. The blue region at the top of the leg can only move along the
y-axis. The hip and knee joints are rotational. The blue surfaces seen on the right illustrate the definition of the knee
joint. The base (green) is fixed, and the entire leg initially has a downward vertical velocity. The gravity vector is directed
downward along the -y-axis.

The assessment of the mechanical load during the simulation is based on the von Mises stress. For each time step,
the maximum von Mises stress, 0,37, is computed on the entire leg and normalized by the material’s tensile strength, op.
This process yields a stress score, S, which is proposed as follows:

= or ©6)
jmax [max o (1)

1
So = —
N

in which N, is the normalized stress, t; is the time duration, and € is the FEA domain representing the leg. To

evaluate the leg weight according to the material, the mass score is proposed as

Sar = —— )
amgq

in which g is the gravity acceleration. Finally, the combined score S* is defined as:
S*=5,5u (8)

This score enables the ranking of materials based on the stress experienced during the impact and the weight of the
assembly. The ideal material is the one that maximizes the product of the stress margin (S, ) with the inverse of the leg
weight.
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3. RESULTS

This section presents the results obtained from the simulations as well as the criteria used for ranking. The simulation
results provide information on the performance and behavior of the legged robot under different loading conditions.
Furthermore, the proposed ranking criteria allows for the identification of materials that exhibit superior characteristics in
terms of mechanical strength and weight efficiency.

3.1 Single link static load simulation

The accuracy of the results was examined with the reliability analysis shown in Fig. 4, in which we considered the
mesh generated for the study satisfactory. The maximum Von Mises stress along with three ranking parameters for each
material were presented in the Tab. 2.

Table 2: Impact simulation results for the maximum von Mises stress and the scores derived from it.

Material | Max. o, [MPa] | S, [MPa/MPa] | Sy [1/Kg] | S* [1/Kg]
ABS 4.365 6.873 0.809 5.560
ABS/PC 4.368 9.156 0.771 7.059
PA6 4.397 20.469 0.737 15.086
PET 4.033 22.901 0.581 13.305
HDPE 4.055 5.450 0.867 4.725

In addition to the results presented the Tab. 2, Fig. 6 shows where stress variations in the part were seen.

Figure 6: Location on the leg where stress concentration is observed.

From Tab. 2, we can observe that the PET material presented the lower maximum Von Mises and its tensile strength
is 22.9 times higher than the maximum given in the study, providing it with an excellent margin to work safely. The PA6
is not far behind PET as its tensile strength is 20.47 times its maximum Von Mises stress, therefore, for mechanical stress,
PAG6 and PET are considered good options. Now, analyzing the mass score issue we see that PA6 performs better than
PET which is confirmed by the analysis when balancing these two factors, where it shows that PA6 surpasses the other
materials with S* of 15,086.

3.2 Three link leg impact simulation

The accuracy of the results was assessed by examining mesh convergence before conducting the structural-dynamic
analysis. The generated mesh was evaluated as satisfactory based on the von Mises stress calculations in the leg domain.
The normalized maximum von Mises stress for each material, computed along the impact, is depicted in Fig. 7. Observing
the graph, the impact starts at ¢ = 0.6 ms, followed by a sharp decrease at 0,5/ (¢). Subsequently, the stress exhibits an
increase until the end of the simulation. Although there are significant variations over time, the maximum computed stress
tends to stabilize at a lower level than that observed between 0.6 and 4.0 ms. A summary of the normalized maximum
stress and the proposed scores for each material is provided in Tab. 3.

From Tab. 3, it can be observed how the proposed selection criteria are interpreted. HDPE exhibits the lowest
maximum von Mises stress value; however, its tensile strength is only approximately 2.13 times higher than this value.
On the other hand, PA6 shows a tensile strength that is about 4.55 times greater than the maximum von Mises stress,
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Figure 7: Normalized maximum stress during the impact simulations.

Table 3: Impact simulation results for the maximum von Mises stress and scores derived from.

Material | Max. o, [MPa] | S, [MPa/MPa] | Sy [1/Kg] | S* [1/Kg]
ABS 16.33 1.837 0.809 1.486
ABS/PC 17.98 2.224 0.771 1.715
PA6 19.76 4.554 0.737 3.356
PET 21.50 2.665 0.581 1.549
HDPE 10.34 2.137 0.867 1.853

indicating a larger safety margin against mechanical stress. Consequently, when considering the stress score alone, PA6
emerges as the most suitable material. Conversely, when solely focusing on the mass score, HDPE proves to be the most
suitable option due to its lower leg total mass. Finally, when balancing both factors, the combined score elevates PA6 to
the highest rating, with an S* value of 3.356, compared to HDPE's score of 1.853.

4. CONCLUSIONS

From a static load analysis on a leg part to an impact load assessment on the entire robot leg, the structural strength
was examined, and the selected materials were ranked accordingly.

In the static load analysis on the upper part of the leg, consider a standard robot functionality, where no more than the
robot’s weight is used. Based on the proposed evaluation criteria, PA6 was the most suitable material in terms of resistance,
while HDPE stands out as the lightest material. Considering the classification of the combination that takes into account
both the lightness/density of the material, as well as its resistance, PA6 comes first, followed by PET, ABS/PC, ABS, and
HDPE, in that order.

In the static load analysis on the upper part of the leg, a standard robot functionality was considered, in wich no
more than the robot’s own weight is used. Based on the proposed evaluation criteria, PA6 was the most suitable material
in terms of resistance, while HDPE stands out as the lightest material. Considering the combined score that takes into
account both the lightness/density of the material, as well as its resistance, PA6 comes first, followed by PET, ABS/PC,
ABS, and HDPE, in that order.

As a potential avenue for future research, this structural assessment could be expanded to include the analysis of joint
torque. This extension would not only capture mechanical stress but also evaluate the effects of material selection on the
dynamics of robot control, encompassing the torque exerted on the actuators.
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