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Abstract

This article focuses on enhancing the range of motion (ROM) of the Tetra II joint, a spherical compliant joint consisting of three
internally interconnected tetrahedron-shaped elements that achieve motion through elastic deformation. Despite its excellent
precision, this specific design is constrained in terms of ROM due to internal contacts among the tetrahedral elements. To
overcome this limitation, this study utilizes a computer-aided engineering (CAE) framework to optimize the configuration of
the Tetra II joint and enhance its ROM. The resultant optimized joint, referred to as Tetra III, is subsequently compared to
Tetra II in terms of both ROM and center shift. Finite element models (FEM) are employed to validate the optimization results
and examine how various tetrahedron-shaped geometries impact the joint’s performance. The newly optimized joint exhibits
a significantly higher ROM compared to the previous version, while maintaining excellent precision and overall smaller
dimensions. Finally, to demonstrate its manufacturability, the Tetra III joint is produced using selective laser sintering (SLS)
technology, with Duraform PA serving as the construction material. The successful fabrication serves as a demonstrative

example of the improved design of the Tetra III joint.

Keywords Compliant mechanisms - Tetrahedron - Flexure - Spherical joint - CAE - PRBM - SLS

1 Introduction

Compliant mechanisms set themselves apart from rigid-body
mechanisms by deriving their motion and force transmission
from the deflection of flexible members. Unlike conventional
rigid-body joints, compliant joints achieve motion through
elastic deformation, providing benefits such as frictionless
displacement and the absence of backlash. Additionally,
compliant joints necessitate fewer components for operation
and can be designed to be more compact. The absence of con-
tact between rigid surfaces also reduces wear and the need
for lubrication, contributing to improved mechanism preci-
sion. Furthermore, advancements in materials and production
technologies, such as additive manufacturing, along with
emerging fields of application like miniaturized assembly,
have spurred increased research and exploration in the realm
of compliant mechanisms. These distinctive characteristics,
coupled with ongoing progress in this field, underscore the
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potential of compliant mechanisms to enhance performance
and facilitate innovative solutions across various domains [1,
2].

A ball and socket joint, also known as a spherical joint,
is a type of mechanical joint that facilitates a broad range of
rotational motion across multiple axes. It enables movement
around three perpendicular axes, resembling the movement
of aball within a socket. This type of joint is commonly found
in various mechanical systems [3], including the human body
[4]. Spherical compliant joints offer a high-precision alter-
native to traditional ball and socket joints by utilizing the
deflection of slender segments to achieve motion, thereby
obtaining all the intrinsic advantages of compliant mecha-
nisms previously listed [5-7].

Spherical compliant joints are commonly found in flexure-
based precision spatial manipulators that employ parallel
kinematic arrangements. Examples of such applications
include compliant conventional parallel kinematic machines
[8], nanopositioners [9], and compliant parallel mechanisms
[10, 11]. In these applications, spherical motion is achieved
using either spherical notch joints or short wire flexures.
The notch joint offers compact and streamlined designs,
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facilitating easy manufacturing. However, its range of motion
(ROM) is limited, typically confined to a few degrees.
To enable larger rotation angles, an alternative approach
involves constructing spherical joints using stacked arrange-
ments of wire flexures [12]. While this approach allows for a
wider ROM, it comes with a decrease in support stiffness as
the deflection angle increases. Moreover, the long and slender
geometry of these joints makes them susceptible to buckling,
imposing limitations on their load-bearing capacity [13].
In addition to these arrangements, the literature introduces
alternative designs of spherical compliant joints capable of
enabling three rotations at a single point. The development
of these innovative joint designs exemplifies the potential
of compliant mechanisms to enhance the precision and func-
tionality across a wide range of applications [5]. Lobontiu and
Paine [14] introduced a circular cross-section corner-filleted
flexure hinge to enable three-dimensional compliant mech-
anisms. The use of a thin circular cross-section facilitates
three rotations while limiting translations. To impose con-
straints on each translation, a wire flexure was integrated to
the end-effector at [12, 15]. Notably, these three wire flexures
intersect at a shared point in space, enhancing the mechani-
cal characteristics of the design. Building on the concept of
rigid spherical linkage, a spherical joint was devised where
the axes of three revolute joints converge at a single point
[10, 16]. Naves et al. [13] employed three folded leaf springs
to create spherical flexure joints. Each leaf spring effectively
constrains one translational motion and allows rotation in
space. Lastly, Rommers et al. [5] developed the Tetra II joint
by serially connecting tetrahedron-shaped elements without
intermediate bodies. We find the Tetra II joint especially
suitable for compliant robots due to its compact design and
self-supporting structure, making it particularly well-suited
for additive manufacturing. In our earlier research, we pre-
sented a monolithic delta robot [17] (Fig. 1) incorporating
compliant spherical joints. The parallel robot architecture has
demonstrated remarkable versatility and adaptability, as evi-
denced by its continued application in diverse fields [18-20].
Notably, the recent progress in additive manufacturing has
facilitated the integration of compliant mechanisms, lever-
aging enhanced design flexibility and cost-effectiveness, as
exemplified by previous studies [5, 21].

These joints are optimized, as presented in this paper,
building upon the Tetra II joint (Fig.2 (a) [5, 22]).

1.1 Tetra joint background principles

As shown in Fig. 2 (a), the Tetra II joint comprises internally
interconnected tetrahedron-shaped elements, each incorpo-
rating blade flexures and connected directly without the need
for intermediate components. The design draws inspiration
from the infinity hinge [23, 24] and features tetrahedron ele-
ments arranged in a nested configuration. These tetrahedron
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Fig.1 DELTAFLEX [17]

elements are interconnected in a series arrangement. Within
the Tetra IT design, point P serves as the floating remote center
of rotation, situated in space (Fig.2 (b)). The blade flexures
effectively constrain the end-effector, e, allowing unrestricted
rotations solely around point P. As depicted in Fig. 2 (c), when
a horizontal force is exerted at the end-effector (point e), the
joint undergoes rotation around point P. This action results
in the attainment of a spherical motion centered around point
P. It is worth noting that the planes of all three blade flexures
composing the tetrahedron elements must converge precisely
at point P.

This work aims to enhance the previous research by
addressing the issue of progressive joint stiffening resulting
from self-collisions, which limits Tetra joint’s applicability
in specific use cases, such as monolithic delta robots. To
illustrate this phenomenon, it is useful to consider a one-
dimensional case as represented in Fig.2 (d). In the Tetra
IT design, as the flexures are gradually deflected, the exter-
nal, larger and most compliant tetrahedral elements reach
their maximum deformation. This condition is equivalent
to the case of a spring reaching its maximum compression
length. Once this situation is reached, further deformations
are obtained only with the remaining internal elements which
are not yet fully compressed. This, however, produces an
increasing stiffening of the joint as these elements come into
contact with each other, thus complicating the achievement
of large deformations.

We thus propose a modification to the design introduced
by Rommers etal., showninFig. 2 (e). This modification aims
to avoid joint stiffening caused by self-collisions by mini-
mizing the number of inner tetrahedral components, thereby
enhancing joint mobility. The primary challenge is to pre-
serve the favorable kinematic properties of the Tetra I joint,
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Fig.2 (a) Tetra Il [5]; (b) side view of Tetra II to show the end-effector
and convergence of blade flexures in point P; and (c) deflected Tetra II.
(d) 1D conceptual model of Tetra II. (e) Tetra III; (f) side view of Tetra

such as a constant center of rotation and resistance to parasitic
motion, while simultaneously avoiding self-collisions.

In Tetra III, adopting the same design principles as Tetral,
point P serves as the floating remote center of rotation (Fig. 2
(f)). The blade flexures restrict the end-effector’s movement,
facilitating unrestricted rotations around point P. Unlike Tetra
II, Tetra Il achieves maximum mobility without the presence
of inner components, As evident in Fig.2 (g). Consequently,
Tetra III overcomes the joint stiffening observed in Tetra II,
as shown in Fig.2 (h). The key benefits of Tetra III over
Tetra II include significantly increased joint mobility due
to the avoidance of self-collisions among inner components,
thereby maximizing the overall ROM of the joint. This advan-
tageous design characteristic is complemented by Tetra III’s
ability to maintain a lower center shift compared to Tetra II,
a topic that will be thoroughly discussed in Section 3.

To achieve this, a computer-aided engineering (CAE)
framework was employed to optimize spatial compliant
mechanisms through Finite Element Analysis (FEA). The
primary objective was to model and optimize the geome-
try of the Tetra II joint to enhance its ROM. To accomplish
this, a parametric model was introduced and optimized using
Spaceclaim scripting capabilities in conjunction with Ansys
Workbench software. To enable faster simulations compared
to FEM, a Pseudo-Rigid-Body equivalent model (PRBM)
was developed and validated in a multi-body environment
[1, 25, 26]. CAE-based frameworks have been demonstrated
to be a versatile tool that has gained prominence in numer-
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1T to show the end-effector and convergence of blade flexures in point
P; and (g) deflected Tetra III. (h) 1D conceptual model of Tetra III

ous applications [27]. Recent applications span a wide array
of processes, including but not limited to weld joint analysis
[28], injection molding [29-31], assessment of strain energy
density [32], and advancements in casting processes [33].
Within the framework of our work, we employ CAE to opti-
mize spatial compliant mechanisms, utilizing the effective
pseudo-rigid body (PRB) modeling method [1, 25, 26].

Finally, the optimized Tetra joint, referred to as Tetra III,
was designed and compared with Tetra Il in terms of its ROM
and center shift, revealing that Tetra Il surpasses Tetra IT with
a total absolute rotation and center shift of 121.19° and 3.5
mm, respectively, compared to values of 94.39° and 14.36
mm observed for Tetra II. The main contributions of this
article are as follows:

e Introduction of a novel design modification (Tetra III) to
address joint stiffening observed in the Tetra II compliant
mechanism.

e Utilization of a computer-aided engineering (CAE) frame-
work incorporating Finite Element Analysis (FEM) to
optimize the spatial compliant mechanisms.

e Development and validation of a Pseudo-Rigid-Body
equivalent model to facilitate faster simulations in a
multi-body environment.

e Introduction of Tetra III, a novel design characterized by
higher joint mobility due to the avoidance of self-collisions
and improved overall ROM compared to Tetra II.

e Comparison of the optimized Tetra III joint with the orig-
inal Tetra IT design in terms of ROM and center shift.
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e A physical prototype of the Tetra III joint is fabricated,
showcasing the feasibility of the proposed design for real-
world implementation.

The remainder of this paper is organized as follows:
Section 2 presents the geometric model of the Tetra III joint,
which is utilized to obtain a parametric model for opti-
mizations. In Section 3, the CAE optimization framework
is discussed. Section4 compares the novel Tetra III joint to
the Tetra II joint in terms of their ROM and center shift.
Section 5 presents and validates the PRB model of the opti-
mized Tetra III joint. Section 6 demonstrates the fabrication
ability of the tetra III joint through an SLS printed prototype.
Finally, Section 7 concludes the research.

2 Tetra lll geometric model

To properly establish the optimization procedure outlined in
Section 3, it is crucial to define the key geometric parameters
of the tetrahedral joint. Additionally, it’s important to distin-
guish which parameters will serve as independent variables
and which as dependent variables. To simplify the discussion
in this section, we will focus on tetrahedron elements formed
by isosceles triangles. In other words, referring to Fig. 3, we
will assume /1,1 = l»;1 and [; 2 = [»». Specifically, the
decision was made to keep the lengths of the segment /; i
of the external triangle and the value of the z-coordinate of
the Center of Instantaneous Rotation (CIR) of the spherical
joint zcyg at a constant value, set to 40 mm for both. This
choice is justified by the fact that the primary constraint dur-
ing the design phase usually relates to spatial considerations.
As independent variables, the angular value 6 between the
two equal segments of the isosceles triangle and the offset
value A between the legs of the inner and outer triangles
were selected. Given these four dimensions and referring to
the coordinate system reported in Fig. 3, all the coordinates
of the vertices can be easily obtained as follows:

Ai(x,y,2) =1(0,0,0
0 . 0
Bl(xv Y, Z) = (ll,l *COS(E)v ll,l * Sln(§)7 O)

0 .0
Ci(x,y,2) =11 *COS(E), —ly,1 % sm(z), 0)

A
A2(x7 Y, Z) = (._070» D)
Slnz

A 0 .0
By(x,y,2) =(——5 +h*cos =, by *sin, D)
sin 5 2 2
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Fig.3 TETRA III design parameters

A 0 .0
Co(x,y,2) = (_—0 + 121 *cos —, —lr 1 *sin -, D)
sin 5 2 2

2
where
_A
(% sin ¢
h1=1I1,1*%cos(z) — A — 20
2 cos 5

_zcir* (b —1Nh)
I

D

are, respectively, the length of the equal side of the internal
isosceles triangle and the thickness of the tetrahedron. Lastly,
by positioning points O and O, at the barycenters of their
respective triangles and identifying the point representing the
CIR of the tetrahedral joint as the intersection of two lines
in space, each passing through one of the three tetrahedral
edge connecting the CIR, it is possible to formulate the final
equations needed for constructing the joint as:

211 *cos%

O1(x,y,2) = ( 3 .0,0)
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A 2% 11 *cos %
02(x,y.2) = (—5 + T—2.0.D)
sin 5
11 A

CIR(x,y,2) = (———* —75.0,2cIr)
Lii—hi sin§
By incorporating these straightforward equations into a
Python script, along with the necessary commands for cre-
ating sketches and 3D blends within Spaceclaim, it becomes
possible to programmatically update the geometry of the
tetrahedral joint in Ansys Workbench. This streamlined
approach facilitates the optimization procedure based on
shell element FEM analysis in the most efficient manner.
As illustrated in Fig. 3, the updated joint comprises a single
outer tetrahedral shell. In this configuration, one edge (i.e.,
B1 By) is fixed, while a second edge (i.e., A1 A7) is rigidly
connected to the segment linking the centroids of the two tri-
angles, O1 O;. This design minimizes the risk of self-contact
during deflection, addressing a critical concern for enhanced
joint performance.

3 CAE optimization framework

In this section, the optimization procedure employed to max-
imize the ROM of the Tetra I1I joint will be detailed. Figure 4
illustrates the key steps implemented within the Ansys Work-
bench software. For programmatic variation of the model’s
geometry during the optimization process, meticulous prepa-
ration of the geometry (within the corresponding block) is
essential. As previously discussed in Section 3, the use of
Spaceclaim software enables the creation of Python scripts
capable of dynamically recreating the model based on the

v A v B
1 Wl = static Structural

2 Geometry v/ 2 | @ EngneeringData v
>3 |(pd Parameters _\I3 Geometry v 4
Geometry 4 6 Model v 4
5 @ Setup v 4
6 @ Soluton v 4
7 @ Results v .
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2 [Z Desgn of Experiments +/ ,————®@2 (@) Optimization v .
3 [:J] Response Surface v . Direct Optimization

Response Surface

Fig.4 Tetra III Ansys Workbench optimization steps

updated A and 6 parameters at each optimization itera-
tion. However, depending solely on the geometry update
is inadequate, as Ansys, within the “model” block, neces-
sitates consistent references for applying constraints and
forces. These references, referred to as “named selections”
within the software, include the edge designated for the
“fixed” boundary condition, the edge connected to the joint’s
barycentric line, and the external surface of the joint. It
becomes imperative to create and maintain these references
through the geometry generation script to ensure their recog-
nition and automatic update within the “model” block. This
integration is crucial for the smooth execution of the opti-
mization process.

3.1 Finite element model

Referring to Fig.5, the model employed for the joint study
is straightforward to explain. Leveraging the named selec-
tions generated by the geometry generation script, a fixed
support is applied to one edge of the tetrahedral joint (B} B,
as depicted in Fig. 3). Material properties, such as Nylon with
a Young’s modulus of 1400 MPa and a Poisson’s ratio of 0.4,
are assigned to its external surface so that it reflects the mate-
rial used for the prototype. Such plastics hold promise for
creating joints with substantial displacements, applicable in
various fields such as aerospace, medical, and robotics [17].
The Tetra III joint was fabricated using a 3D Systems ProX
SLS 6100 machine, employing Duraform as the construction
material. Duraform PA, a durable polyamide 12 thermoplas-
tic commonly known as Nylon, was selected for its excellent
structural properties [34]. Moreover, this material exhibits
near-isotropic behavior once manufactured, further enhanc-
ing the joint’s overall performance. Notably, Duraform PA
possesses a high value of deformation at break (14%), making

fixed
b.c.

master
node

rigid
elements

Fig.5 Shell-based model
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it particularly suitable for constructing compliant mecha-
nisms.

Furthermore, a master node (referred to as the “remote
point” in Ansys) is established at the coordinates of the CIR.
This master node is rigidly connected to the nodes within the
named selection of the joint’s second edge (A1 A, referenc-
ing Fig. 3). Finally, moments are applied at this remote point
in the three principal directions (x, y, and z), encompassing
both positive and negative orientations. This results in a total
of 6 moments, as visually represented in Fig. 6.

The mesh, generated using SHELL 181 elements, is com-
prised of 264 nodes and 212 elements, with a minimum
element size set to 0.5 mm. This particular size was cho-
sen as a balanced compromise between result precision and
simulation efficiency, a crucial consideration given its inte-
gration with an optimization procedure. Notably, the “large
deflection” option must be enabled in the software for reli-
able results. Additionally, a shell thickness of 1 mm has been
specified.

The entire model, as configured, requires less than
3 minutes for resolution on an Intel(R) Core(TM) CPU @ 2.5
GHz and 16 GB RAM workstation. As a performance metric
for the joint, we measure the maximum rotation angles at the
master node, along with the maximum positional error at the
same node during the application of couples.

3.2 Optimization problem

Referring to Fig.4, the internal optimizer within Ansys ini-
tially employs a Design of Experiment (DOE) to identify
optimal starting points for the subsequent optimization pro-
cess. A Latin Hypercube-type DOE, comprising 200 points,
was used. As previously mentioned, the independent vari-
ables include the angle 6 and the offset value between the
two triangles of the tetrahedral joint, A, varied within the
ranges of [30°, 130°] and [4 mm, 8 mm], respectively.

-RZ

Fig.6 TETRA III shell model under all 6 rotations
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Based on the DOE results, a subsequent optimization
aimed to maximize the absolute values of the 6 rotations
(+RX, -RX, +RY, -RY, +RZ, -RZ), while imposing a con-
straint not to exceed a maximum stress of 40 MPa. This
constraint is set against a maximum material yield strength of
60 MPa, reflecting a conservative estimate due to the poten-
tial concentration of stresses in the final 3D model resulting
from the thickening of rigid parts during fabrication. The
optimization problem can be formulated as follows:

maximize (|£ RX|,|£ RY|,|x RZ])
with respectto E = [A, 0]

subjectto opyax < 40M Pa; E € [Emin, Emaxl
3.3 Results

The optimal values of the independent variables, along with
the corresponding performance indices resulting from the
optimization, are summarized in Table 1. These values under-
score the remarkable ROM achieved in proportion to the
compact dimensions of the component, especially along
Z-direction. To conclude this section and validate the opti-
mization performed, the final design of the Tetra joint was
modeled and analyzed under conditions consistent with the
shell element model. The mesh for this model comprises
45,312 nodes and 23,363 SOLID187 elements. The model
is depicted in Fig.7, and the final results obtained will be
detailed in Section 4, where they will be compared with those
achieved using the Tetra II joint.

4 Comparison of Tetra lll and Tetra ll

In the subsequent analysis, a comparative evaluation between
Tetra IIT and Tetra II will be conducted, with a specific focus
on their rotational capabilities and center shifts. The objec-
tive is to shed light on the enhanced features of the Tetra III
joint, emphasizing its improved ROM and minimized cen-

Table 1 Optimal values of the Tetra III joint

Design Var. Range Opt. value
Independent variables

4 [30,130]° 104.58°

A [4,8] mm 4.58 mm
Design Var. Max. value

Performance indexes

ERX [—2.52,+3.47]°
E£RY [—16.06,+16.57] °
+RZ [—40.99,+43.22] °
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Fig.7 Final design FEM model

ter shift resulting from the modification of the triangle type,
rather than the introduction of additional layers that might
complicate the structure.

The assessment involves an examination of the maximum
rotations around the X, Y, and Z axes in both positive and neg-
ative directions for both Tetra II and Tetra III. Additionally,
the center shifts in the remote center of rotation are evaluated
when subjected to rotations around the X, Y, and Z axes. The
comparative analysis unfolds in three key steps:

e Creation of a three-dimensional model for each design
utilizing the commercial software PTC Creo.

e Application of rotations about the positive and negative
directions of the X, Y, and Z axes to the end-effectors of
each design within Ansys.

e Measurement of the maximum rotations of the end-
effectors in degrees, along with the corresponding center
shifts.

The maximum rotations and center shifts are measured at
either the point of maximum yield strength or when they
collide with their edges. Figure8 displays the two tetras
where the maximum rotations were measured. The simula-
tion results are normalized and standardized for comparison,
and are depicted in Fig. 9. These results can be summarized
as follows:

e In the X-direction rotation, Tetra II achieved a maximum
positive rotation of 8.64° and a maximum negative rota-
tion of 8.62°, while Tetra III exhibited values of 6.25°
and 2.61°, respectively.

e In the Y-direction rotation, Tetra II recorded a maximum
positive rotation of 15.17° and a maximum negative rota-
tion of 10.84°, whereas Tetra III demonstrated values of
13.37° and 15.24°, respectively.

Y 4
94
Y

Fig. 8 Deflected joints at either the point of maximum yield strength
or when they collide with their edges
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Fig.9 Maximum ROM of Tetra II and Tetra III

e For rotation about the Z-direction, Tetra II attained a
maximum positive rotation of 21.71° and a maximum
negative rotation of 29.41°. In contrast, Tetra III showed
values of 41.63° and 42.09°.

Hence, we observe that the new Tetra model achieves
a notable enhancement in the ROM along the Z-direction,
albeit with a slight reduction in ROM along the X-direction.
Specifically, the increase along the positive Z-direction is
nearly twofold. This outcome holds significance, particu-
larly in the context of the stringent dimensional constraints
imposed for the Delta robot application illustrated in Fig. 1.
Figure 10 visually highlights the substantial dimensional
reduction achieved with the new joint design. In conclusion,
the maximum observed center shift values for both joints are
presented in Fig. 11. Surprisingly, these values are consider-
ably lower than those observed for the Tetra II joint, despite
the optimization solely targeting the ROM of the compo-
nent. This noteworthy outcome suggests that the absence of
internal layers within the component contributes to an aug-

Tetra III

Tetra Il

Fig. 10 Dimensional comparison of Tetra II and Tetra III
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Dz

Fig. 11 Maximum center shift errors of Tetra II and Tetra III

mentation in both the ROM and the precision of the spherical
joint.

5 PRB modelling

Compliant mechanisms have gained widespread use in
diverse engineering applications due to their ability to
achieve high precision with a reduced number of compo-
nents. The PRB method is a common approach employed
in the analysis and design of compliant mechanisms. This
method models the behavior of flexible elements by repre-
senting them as interconnected rigid links, utilizing spring-
loaded kinematic pairs like spherical, prismatic, or revolute
joints. The adoption of the PRB technique provides engineers
with notable advantages. Firstly, it enhances computational
efficiency in simulating compliant mechanisms, surpassing
traditional Finite Element Method (FEM) approaches. Sec-
ondly, it allows for the utilization of well-established methods
and software tools, including specialized Multibody Dynam-
ics (MBD) environments tailored for analyzing rigid-link
mechanisms.

However, it is crucial to recognize the inherent limita-
tions of the PRB method, requiring a case-by-case assess-
ment. These limitations include the potential dependency of
PRB parameters on applied loads when inadequate mobil-
ity exists within the chosen PRB topology. Additionally, the
PRB method may not precisely capture nonlinear effects
during significant deflections, such as material nonlinear-
ity, geometric nonlinearity, and load-stiffening phenomena.
To ensure reliability, compliant mechanism architectures
designed using the PRB method are typically validated at
the end of the design process through alternative techniques,
such as FEM simulations or experimental testing [1].

The pseudo-rigid equivalent model of the Tetra III joint
was constructed following the model of folded leaf springs,
as detailed in [5]. This model, shown in Fig. 12, incorporates
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Fig. 12 Pseudo-Rigid TETRA
III equivalent model

Tetra Il centre
of rotations

a total of 9 revolute joints and rotational springs. Due to the
symmetry of the component, only 5 of these rotational springs
are unique. The Ky values in the model serve as unknowns
to be determined based on FEM results.

To determine these values, internal optimization was
conducted within the RecurDyn multi-body environment
through the AUTODESIGN toolkit. This toolkit utilizes a
Latin-Hypercube Design of Experiment to deliver enhanced
solutions for parameter estimation problems in a time-
effective manner. The optimization aimed to minimize the
angular position error of the joint, sequentially subjected to
the 6 torques illustrated in Fig. 6. Optimizing the values with
respect to all 6 loads allowed the development of a PRB
model with a higher overall error but greater versatility than
could be achieved by individually applying each load. In
fact, the PRB model technique exhibits high sensitivity to
changes in applied loads, making it challenging to obtain
optimal stiffness values identical for every applied loadset.

In this scenario, the objective function F,,, to be mini-
mized is defined as the discrepancy between the absolute of
the angular values along the X, Y, and Z axes measured at
the end-effector of the PRB model and those obtained from
the previous FEM analysis:

Ferr =ax|RXprp — RXFEm| +b % |RYprp — RYFEM]
+c*|RZprp — RZFEM|

rotational
spring (K,)

revolute
joint (R))

where a, b, and ¢ are coefficients used to normalize the weight
of the three errors concerning the maximum values measured
by the FEM for the RX, RY, and RZ angles. Specifically, using
¢ as the normalization value for the three errors, we obtain
a=673,b=276andc = 1.

In Fig. 13, the results obtained after optimizing the PRB
model are presented, revealing its inherent limitations.
Notably, when examining rotation around the Z-axis, the
model deviates from the FEM as the rotation exceeds a cer-
tain threshold. However, it demonstrates relatively accurate
performance for more moderate rotations, particularly when
considering all six rotations simultaneously, a scenario that
challenges the model. The resolution time for this model is
approximately 0.2 seconds, a fraction of the time required for
the corresponding FEM using the same workstation, making
it a competitive option for multi-body simulations involving
numerous joints.

6 Fabrication

The fabricationability of the Tetra III joint showcases its ver-
satility and adaptability in the manufacturing process. Here,
we employed selective laser sintering (SLS) as the chosen
manufacturing technology due to its cost-effectiveness and
the absence of support structure requirements. This approach
allowed for efficient fabrication of the joint. Additionally,

Fig. 13 TETRA III, comparison
between PRB model and FEM
model

Angle [deg]

RX PRB
RX FEM
RY PRB
RY FEM
RZ PRB
RX FEM

Time (s
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our implementation of the Design for Additive Manufac-
turing (DfAM) methodology resulted in a geometric design
that is well-suited for fused filament fabrication (FFF) print-
ers, which are widely available. The Tetra III joint was
fabricated using a 3D Systems ProX SLS 6100 machine,
utilizing Duraform as the construction material. Duraform
PA, a durable polyamide 12 thermoplastic commonly known
as Nylon, was selected for its excellent structural proper-
ties. Moreover, this material exhibits near-isotropic behavior
once manufactured, further enhancing the joint’s overall
performance. Notably, Duraform PA possesses a high value
of deformation at break (14%), making it particularly suitable
for constructing compliant mechanisms. By leveraging the
advantages of selective laser sintering and the adaptability
of fused filament fabrication printers, the fabrication pro-
cess of the Tetra III joint demonstrates its feasibility, while
the use of Duraform PA as the construction material and
the optimized flexure design contribute to its robustness and
compliance.

7 Conclusions

This study delved into optimizing a novel spherical compli-
ant joint derived from the Tetra II joint, aiming to enhance
the ROM in the context of a Delta robot design. Leveraging a
comprehensive CAE framework that integrates Spaceclaim
and Ansys Workbench, the Tetra II joint configuration under-
went optimization to maximize its rotational capabilities. The
research also explored the development of a rigid-equivalent
model using the PRBM technique, enabling swift simulations
in a multi-body environment.

The results indicated that the Tetra III design, character-
ized by a more obtuse triangle in comparison to the previous
iteration, exhibited increased overall rotations (121.19° ver-
sus 94.39°) and reduced overall center shift (3.5 mm versus
14.36 mm) compared to Tetra II. This underscores the effec-
tiveness of the optimization strategy and emphasizes the
substantial impact of the triangle type on the joint’s perfor-
mance. In the final phase, the Tetra III joint was fabricated to
illustrate its manufacturability. Using selective laser sinter-
ing (SLS) technology and Duraform PA as the construction
material, the joint was successfully and efficiently manufac-
tured (Fig. 14).

Future research could explore how material selection
affects stiffness and stress distribution in achieving desired
performance. Investigating the impact of various materials,
including advanced options, on the joint’s overall perfor-
mance within its intended application is crucial. Future
research should delve into studying the fatigue response and
operational lifetime of Tetra joints. Additionally, exploring
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Fig. 14 Prototype of the Tetra III

scalability and adaptation for different sizes or load require-
ments is crucial and requires attention in subsequent research.
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