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Advancements in materials science and 3D printing technologies have
opened up new avenues for developing low-cost robotic grippers with high-
performance capabilities, making them suitable for various biomechatronic
applications. In this research, it has been explored the utilization of high-
performance polymer materials, such as Polyetherketoneketone (PEKK),
Polyethylene Terephthalate Glycol (PET-G) and MED 857 (DraftWhite), in the
designing and developing of customized robotic grippers. The primary focus of
made analyses was oriented on materials characterization, both experimentally
and analytically. Computer-Aided Engineering (CAE) methods were employed
to simulate bending experiments, allowing for a comprehensive analysis of the
mechanical behavior of the selected materials. These simulations were validated
through physical bending experiments using samples fabricated via 3D printing
technologies, including Fused Filament Fabrication (FFF) for PET-G and PEKK,
as well as Jetted Photopolymer (PolyJet) technology employing UV Resin for
MED 857. The findings of this research provided advantages of utilizing advanced
materials like PEKK in low-cost robotic grippers for biomechatronic applications.
The experimental and analytical approaches offer valuable insights into material
selection, design optimization, and the development of cost-effective high-
performing robotic systems with a wide range of applications in the field of
biomechatronics.
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1 Introduction

In recent years, the field of bioengineering has undergone a
remarkable transformation, driven by technological advancements
in materials science and manufacturing methods (Xiaohu,
2020; Salmi, 2021; Hornyédketal, 2023). The advent of 3D
printing technologies has ushered in a new era of innovation in
bioengineering (Ding et al.,, 2023). This category of technology
allows for the precise, layer-by-layer fabrication of complex
structures, providing unprecedented levels of design flexibility
and customization (Chaudhry and Czekanski, 2020; Gawade et al.,
2022; Tofail et al., 2018]. From prosthetic limbs to robotic grippers,
3D printing has revolutionized the way people approach the
development of biomechatronic devices using such advanced
manufacturing methods (Arena et al., 2021; Aylar et al., 2021).

A wide range of materials is nowadays available on the market,
each offering particular advantages and disadvantages in the
realization of biomechatronic devices (Segil, 2018; Barrera et al.,
2022). High-performance FFF (Fused Filament Fabrication)
materials, including but not limited to PEKK, has garnered
significant attention for their outstanding mechanical properties
(Wasti and Adhikari, 2020; Luo et al., 2023; Nguyen et al., 2023).
These polymers possess exceptional strength, stiffness, and
resistance to heat and chemicals, making them ideal candidates
for applications demanding robustness and durability (Pang et al.,
2023). High-performance FFF materials outshine their standard
Fused Filament Fabrication counterparts, such as PET-G, in terms of
mechanical resistance, allowing for the creation of biomechatronic
components which are capable of withstanding considerable
stress and wear in these conditions (Arleo et al.,, 2021; Mercado-
Colmenero et al., 2020). However, the use of these materials is not
without challenges. Precise temperature control is essential during
the printing process, and issues like warping can pose difficulties,
especially for intricate and large-scale designs (Yang etal., 2017;
Winter et al., 2022) Balancing the advantages with the complexities
of handling these materials remains a key consideration in the case
of biomechatronic applications (Iftekar et al., 2023). The integration
of carbon fiber composites into Fused Filament Fabrication (FFF)
materials has expanded the scope of possibilities further on in
several domains, including biomechatronics. Composites combine
the versatility of FFF printing with enhanced mechanical properties,
introducing newfound strength and stiffness (Korkees et al.,
2020; Mondal et al., 2022; Xiaoyu and Runzhou, 2022). Yet, this
enhancement comes at a cost, both in terms of material expenses and
the demands placed on the 3D printing equipment (Bai et al., 2021).
Finding the right balance between performance and affordability
remains an ongoing pursuit for researchers and engineers in the
field of biomechatronics (Li et al., 2016). On the other end of the
spectrum, PolyJet technology represents one reliable alternative,
employing UV resins to produce highly detailed, intricate structures
with remarkable precision and smooth surface finishes (Kim et al.,
2022; Golhin etal,, 2023). This technology excels in creating
visually appealing and intricately designed components, a quality
particularly important in applications like customized prosthetics
(Xu and Qin, 2023). However, the mechanical characteristics of
PolyJet materials may not always meet the rigorous demands
of biomechatronic devices, where strength and durability are
highly important (Patpatiya etal., 2022a). Moreover, the initial
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and ongoing costs associated with PolyJet technology can be one
disadvantage for those seeking cost-effective solutions (Chen et al.,
2021; Gulcan et al., 2021).

Biomechatronic devices, including robotic arms place a unique
set of demands on the materials used in their construction
(Mick et al., 2019). Mechanical characteristics such as flexural
strength, tensile properties, compressive and wear resistance are
highly important in determining the performance and durability
of these applications (Krawczuk and Palacz, 2021; Andersson and
Bjorsell, 2022; Witte, 2022). Robotic arms, for instance, rely heavily
on bending and flexing to function effectively, directly influencing
their lifting capacity and precision (Krambergeretal, 2017).
Consequently, the choice of materials for these devices must be made
with thorough consideration of these mechanical characteristics
(Coyleetal,, 2018). To assess the justifiability of employing
high-performance materials like PEKK in the development of
customized robotic grippers for biomechatronic applications, the
current article aims to provide one comprehensive analytical and
experimental approach. Analytical studies, including finite element
analysis (FEA) have been utilized to simulate and optimize the
mechanical behaviors of the components. Empirical research has
been conducted to validate these analytical findings and to assess
the performances of the robotic grippers that were taken into
consideration in this research. Importantly, within the realized
experiments it has been emphasized the critical role of materials
characterization methods, such as scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX) and Fourier-
transform infrared spectroscopy (FTIR) for validating the results
reached in the case of mechanical testing experiments and to ensure
meantime in particular the suitability of PEKK polymer material for
specific applications, such as the robotic grippers. The article aims
to provide an analytical and experimental research to provide one
comparative analysis realized in the case of using high-performance
materials like PEKK against conventional alternatives like PET-
G and MED 857 (DraftWhite) materials, so one may comprise
and understand both the advantages and challenges in utilizing
these materials in the development of low-cost robotic grippers for
biomechatronic applications by 3D printing technologies.

2 Materials and methods
2.1 Research concept and plan

The main concept of the presented research was to answer the
question if the use of the so-called high-performance 3D printing
materials in production of customized robotic arms is justifiable by
results of manufacturing processes and material tests. To answer that
question, one high-performance material —-PEKK—was selected
and compared with two other popular materials (PET-G and MED
857 (DraftWhite) and technologies (FFF and Polyjet) by means of
both analytical and empirical studies, based on previous knowledge
and achievements of the authors.

In the initial phase of the research presented in this article,
materials and their samples were characterized by selected test
methods (including FTIR-ATR). Then, by using a designed variant
of an existing robotic gripper that was developed by part of the
team of authors from the University of Agder (Norway) in previous
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FIGURE 1
Robotic arm designed by UiA in previous studies (Sanfilippo et al.,
2012; 2014; 2015a; 2015b).

studies (Sanfilippo et al., 2012; 2014; 2015a; 2015b) (Figure 1), parts
of it were manufactured using various materials and have been
subjected to strength tests emulating loading of a robotic arm.
Simultaneously, the tests were performed using Finite Element
Analysis, to check and compare analytical and empirical results.
Various indicators were assumed to be used in order to compare
selected materials and to answer the basic research questions. In this
context has been considered the opportunity of considering, testing
the mechanical behavior and using of new polymeric materials (like
polyetherketoneketone - PEKK) for realizing of customized low-
cost robotic grippers for biomechatronic applications. Regarding
control algorithms for the proposed manipulator design, more
details can be found in the following previously reported work
and results (Tuan etal., 2019; 2021; 2022; Sanfilippo et al., 2020;
Moosavi et al., 2022).

Figure 2 shows the course of the research including the most
important stages. Particular parts of the research are described in
the next chapters of the article.

2.2 Material characterization methodology

2.2.1 FTIR—ATR analysis

In this scientific article, one of the primary objectives
consisted in the conducting of a comprehensive FTIR-ATR
(Fourier-Transform Infrared Spectroscopy—Attenuated Total
Reflectance) to analyze the molecular composition of PEKK
(Polyetherketoneketone). The FTIR-ATR spectrum of PEKK
was recorded using a state-of-the-art Bruker Vertex 70 FT-IR
spectrophotometer combined with an ATR accessory featuring
a diamond crystal. This instrument was set to run 32 scans at a

resolution of 4 cm™ in the mid-infrared region of 4,000-600 cm™.
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Through this detailed spectral analysis, there have been identified
specific functional groups and absorption bands, providing insights
into the chemical structure and potential advantages of PEKK
over PET-G (Polyethylene Terephthalate Glycol) and DraftWhite
(MED 857) materials that have been considered to be used in the
experiments. This method allowed the assessment of the material’s
chemical composition and structural integrity, highlighting the
unique characteristics of PEKK material and its suitability for the
realizing of robotic grippers.

2.2.2 EDS and SEM investigation

In the context of this scientific article, a significant component
of the research consisted in the use of Energy-Dispersive X-ray
Spectroscopy (EDS) combined with Scanning Electron Microscopy
(SEM) analyses
chemical homogeneity, and structural characteristics of the PEKK

to determine the elemental composition,
(Polyetherketoneketone) material. EDS was utilized to identify and
quantify the elemental constituents of PEKK material, allowing
for a comparative analysis with PET-G and MED 857 (DraftWhite)
materials that have been considered to be used in the experiments. In
addition, SEM analyses provided insights into the microstructure of
PEKK material, focusing on surface morphology such as grain size,
porosity, and texture, and identifying of any defects or irregularities,
with the main aim of highlighting the unique attributes and potential
advantages of PEKK material in comparison to the ones of PET-G
and MED 857 (DraftWhite) materials. SEM and EDS analyses of
the samples were conducted utilizing a QUANTA INSPECT F50
scanning electron microscope equipped with a field emission gun
(FE-SEM) from Thermo Fisher, Eindhoven, Netherlands, achieving
a fine resolution of 1.2nm. This was used in combination with
a Thermo Fisher energy-dispersive X-ray spectrometer, attaining
a resolution of 133 eV at MnK. The analysis has been focused
on the top, side, and mid-sections of the PEKK samples for a
comprehensive qualitative assessment using microcompositional X-
ray spectrometry. Resulting spectra were plotted using ImageJ 1.50i
software (Wayne Rasband National Institute of Health, MD, USA,
2016). Prior to the SEM analysis, samples were meticulously cleaned
with distilled water and isopropyl alcohol, being then sputter-coated
with a conductive ultra-thin gold layer to mitigate the effects of their
non-conductive nature.

2.3 Finite element analysis to estimate the
mechanical behavior of robot tooltip

The finite element analysis consists in the simulation of a
bending test (Figure 3) with the aim of evaluating the strength
characteristics of the robotic tooltip in three cases corresponding to
different materials used for 3D printing: PET-G filament produced
by Spectrum (PET-G. 2023), PEKK filament produced by Kimya
(PEKK-A. 2023), and MED857 (DraftWhite) material produced
by Stratasys (Stratasys, 2023). As shown in Figure 3, the tooltip
components are assembled and placed in a clamping device. The
bending effect is then produced by enforcing a vertical displacement
of the threaded fastener placed at the free end of the tooltip.

The finite element model of the bending test was based on the
following hypotheses:

frontiersin.org
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FIGURE 2
Course of the research described in the article.

(DraftWhite) material characteristics datasheet. 2023) for the
finite element model of the bending test were:

- density (1,270 [kg/m®] for PET-G, 1,261 [kg/m?]
for PEKK and 1,175 [kg/mS] for MED 857
(DraftWhite) material,

- Elastic modulus (1950 [MPa] for PET-G, 2,850
[MPa] for PEKK and 2,200 [MPa] for MED 857
(DraftWhite) material,

- Poisson’s ratio (0.4 [-] for all considered materials,

- Yield stress (48 [MPa] for PET-G, 80 [MPa] for PEKK and
45 [MPa] for MED 857 (DraftWhite) material.

o All the parts shown in Figure 3 were bonded together along
their contact surfaces.

SolidWorks Simulation program was used for performing the
Computer Aided Engineering (CAE) analyzes. For performing the
CAE analyses to simulate the bending test for evaluating the strength
characteristics of the robotic tooltip, several crucial details have been

addressed to ensure accuracy and reliability of the results, such as:

FIGURE 3
Principle of the bending test simulated for evaluating the strength

characteristics of the robotic tooltip (1—clamping device, 2—robotic
tooltip, 3—screw, 4—washers, 5—nut, red arrow—vertical
displacement of the threaded fastener).

o choosing of finite elements: For simulating the bending test,
second-order tetrahedral elements have been utilized to ensure
a high degree of precision in replicating the bending behavior

of the robotic tooltip.
« meshing characteristics: the mesh was designed with smaller
elements in areas of interest, such as the regions where bending

o The components of the robotic tooltip are fully locked
in the regions representing contact surfaces with the
clamping device.

The components of the threaded fastener (screw, washers, and
nut—see Figure 1) are treated as rigid bodies.

The components of the robotic tooltip are deformable bodies
exhibiting an isotropic linear elastic behavior.

The physical and mechanical properties of the analyzed
materials (PET-G Premium material characteristics datasheet.
2023; PEKK material characteristics datasheet. 2023; MED 857

Frontiers in Materials

stresses have been concentrated. For example, in the vicinity of
potential stress concentrations, like the attachment points of the
robotic tooltip, the element size was reduced to 0.5 mm, while
in less critical areas it was increased to 1 mm. This approach
ensured that the CAE realized analyses capture the finer details
of stress distribution and deformation where needed while
maintaining computational efficiency calculus being made.

The mesh consisted of 29,798 second-order tetrahedral elements

with a total number of 48,949 nodes.

frontiersin.org


https://doi.org/10.3389/fmats.2024.1304339
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles

Pacurar et al.

« applied forces: to closely mimic the real-world bending test,
the CAE analysis applied forces that were consistent with
the experimental results. In the actual experiment, maximal
forces recorded were approximately 500 N for PET-G, 1000 N
for PEKK, and 1600 N for MED857 (DraftWhite) material.
Similarly, in the CAE analyses, these forces were replicated
to maintain fidelity with the experimental conditions. This
alignment of forces ensured that the CAE results were directly
comparable to the physical tests, allowing for a meaningful
assessment of the robotic tooltip’s strength characteristics.

2.4 Additive manufacturing methods used
for producing and testing of robotic tooltip

To empirically test the difference in using PEKK material for
robotic end effector construction as opposed to standard materials
such as PET-G and MED 857 (DraftWhite) materials, the end
effector was manufactured additively using varying processes and
materials. For each manufactured set of parts, 3 aspects were
assessed: manufacturing process (stability, assembly fit), economical
aspect (manufacturing time and total cost) and strength (maximum
force recorded at the bending test). There was no manufacturing
parameters variability between samples made of the same material.
The products were manufactured using the Fused Filament
Fabrication (FFF) technology, with two different materials—PET-
G and PEKK, as well as Jetted Photopolymer (PolyJet) technology,
using one, standard material MED 857 (DraftWhite) which is an UV
resin. Three sets of robotic tooltip pieces were manufactured of each
material (a single set consisting of 2 tooltip parts and 2 spacers).

The manufacturing was realized using the following machines
and parameter setting:

« FFF technology, PET-G material samples—FLSun Super Racer
machine (Zhengzhou Chaokuo Electronic Technology Co.,
China) with delta type kinematics, with a working chamber
sized ©260 x 330 mm. For printing the samples made of
PET-G material, the extrusion temperature of 250°C, table
temperature: 70°C, extrusion velocity: 40 mm/s layer thickness:
0,25 mm, infill density: 30%, 4 outlines, 4 bottom/top closing
lines were used as main parameters.

o FFF technology, PEKK material samples—Intamsys Funmat
Pro 410 (INTAMSYS Technology Co. Ltd, Shanghai, China)
with regular kinematics and build chamber sized 305 x 305
x 406 mm. For printing the samples made of PEKK material,
the extrusion temperature: of 380°C, table temperature: 130°C,
chamber temperature: 90°C, extrusion velocity: 25 mm/s, layer
thickness: 0,25 mm, infill density: 30%, 4 outlines, 4 bottom/top
closing lines were used as main parameters.

« PolyJet technology—Stratasys MediJet J5 machine (Stratasys
Ltd., Minnesota, United States of America), with circular
working chamber (max part size up to 140 x 200 x 190 mm)
and 18 micron layer thickness.

For all the manufacturing processes, the same manufacturing

orientation was used, with the parts laying flat in the build chamber,
to generate as few layers as possible.
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The PEKK material filament had to be additionally dried
prior to manufacturing. The drying process was realized using
laboratory drier oven SLW 53 made by POL-EKO company in
Poland. The drying, as recommended by the material producer,
was realized in 100°C for 10 h and then for an additional 3 h in
150°C. Manufacturing commenced directly after drying, with no
cooling period.

For comparison of the different materials and processes,
economic coeflicients were also determined after printing. Using
a standard method of calculating cost of additively manufactured
products applied in previous researches by the authors, e.g., in
(Gorski et al., 20205 Gorski et al., 2021), the costs of printouts of
different technologies and materials were compared. The following
formula was used for cost calculation:

1

Cp = Cnac * byt Cppae * M1, + €,
where:

c,—total cost of produced part,

USDc,,,.—cost of machine usage (taking into account
amortization cost - purchase cost per 2 years of continued usage -
and electrical energy consumption), USD/h,

t,,—time of manufacturing (layer deposition only) [h],

Cmat—cost of material, USD/g.

m,—mass of used material [g],

c,,—additional work cost, USD (estimated—taking into account
pre- and post-processing operations—drying, cleaning etc.)

It is noteworthy that the calculation was realized in a non-
commercial manner—only the basic, objectively determined costs
were accounted for, not including margin (profit) of potential
manufacturer.

2.5 Mechanical testing setup experiments

The strength testing of the manufactured samples consisted of
a destructive quasi cantilever beam bending test of the assembled
robotic end effector tooltip, manufactured additively of PET-G,
PEKK and MED 857 (DraftWhite) materials. The strength tests
were performed with the universal strength testing machine Sunpoc
WDW-5D-HS (Sunpoc, Guiyang, China). The tooltip was assembled
using standard metric nuts and bolts and constrained together at the
testing machine rail using additional metal supports. Tooltip ends
were also connected with a nut and bolt. The whole tooltip assembly
was considered as a single sample in the testing experiments. The
machine loading effector was placed in the middle, to simulate
loading of the tip. The whole set, immediately before testing, is
presented in Figure 4.

The result of each test is a course of a load-displacement
diagram, obtained from the used strength testing machine. The
test was carried out until the sample was destroyed (by cracking)
or visibly deformed. Speed of movement of the loading end was
10 mm/min.

To be able to compare obtained results with the FEM analyses,
the stress in the main (narrow) part of the tooltip was determined
analytically, by using a formula for stress calculation in beams
subjected to bending. The experiment was a typical scenario of
a cantilever beam—constrained at one end, with force applied at

frontiersin.org
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FIGURE 4

Strength testing setup of a PEKK printed sample using universal testing machine.
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FIGURE 5

superimposed on the drawing of the real beam.

Loaded part treated as a cantilever beam—assumed dimensions (| = 70 mm,

cross section of 25 X 5 mm two times separated by 12,7 mm gap)

the other, free end. For the sake of the analysis, the geometry was
simplified—it was assumed that there is a beam of 70 mm length,
with two rectangular cross-sections of 25 x 5 mm, separated with a
12,7 mm space, constrained at one end and loaded at the other end.
It was assumed that the cross-section is homogeneously rectangular,
with a constant cross-section through the whole beam. The rounded
shape of the end part of the gripper was neglected as having
small impact on the final results. These assumptions are presented
in Figure 5.

Using a standard, analytical method of determining static stress
in the loaded beam, well known in available literature, e.g., (Gere
and Goodno, 2012), the following formula was used for stress
calculations:

My
1

(>4

o, =

where:

o, —bending stress under specific load [MPa]

M—bending moment, calculated as P*I, where P—loading
force [N] and [ = 70 [mm],

Frontiers in Materials

y—the distance from the beam’s neutral axis to the point of
interest along the height of the cross section [mm]

I —centroidal moment of inertia of the beams cross
section, calculated as a sum of two rectangular cross-sections,
using dimensions of the tooltip main part (section A-A in
Figure 8) [mm®].

3 Results and discussion

3.1 Real prototype of robotic arm realized
by fused filament fabrication technology

In Figure 6 is presented the real prototype of the robotic arm that
was realized at the University of Agder. The main components of
the robotic arm were realized by polymeric materials by the FFF 3D
printing method. The Haptic Arm had five types of sensors which
were integrated into the realized system. One specific designed
library was used for the reading of the absolute position encoder.
The library consists of five methods in addition to the constructor.
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FIGURE 6
Robotic arm prototype realized at University of Agder (Norway).

Four were the methods for returning sensor data, and the last
one was used for configuration of the end positions of the arm
for the positioning sensor. The HapticSensor constructor has been
designed to ensure four inputs, which are linked to the pins on
which the sensors were connected. ForcePin was the main pin that
was used for the loading cell, which has been connected through
an instrument amplifier and was read as an analogue signal. The
currentPin was the pin that was used connected to the ForcePin
sensor, being read by analogue signal as well. SwitchPinOne and
switchPinTwo were the assigned pins which provided the signal
side of the endstops. In the constructor, all the input pins were
set as inputs, and the analogread resolution was set to 10 bit.

3.2 Material testing results

3.2.1 FTIR-ATR analysis

As one may notice in Figure 7, the FTIR-ATR spectrum shows
specific peaks of PEKK structure with the following absorption
bands: peak at 3,063 cm™! assigned to the stretching vibration of
asymmetric C-H bond involved into double bond or aromatic
ring; peaks at 2,922/2,852 cm™! attributed to stretching vibration
of asymmetric C-H bond; peak at 1,651 cm™' corresponding to
the stretching vibration of C=O from carbonyl group; peak at
1,584 cm™! assigned to the stretching vibration of C=C bond;
peak at 1,493 cm™' attributed to the bending vibration of C-H
bond; peak at 1,230 cm™' assigned to the stretching vibration of
C-0/0-C-0O bond.

Comparing the FTIR results of current research with the ones
reached by other researchers in case of PEKK material, distinct
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FIGURE 7

FTIR-ATR spectrum of PEKK material.

differences in the FTIR spectra can be noted, confirming the unique
material composition of PEKK material. The 1,300-1,050 cm™!
range, usually associated with diphenyl ether group (C-O-C)
rotation and stretching, as well as the presence of the ketone group
between benzene rings instead of an oxygen bridge contribute
to the enhanced material properties of PEKK (Luetal., 2022).
Absorption peaks level is also significant to the structure of
the material. Peaks at 3,063 cm™, 2,922/2,852 cm™, 1,651 cm™,
1,584 cm™!, 1,493 cm™!, and 1,230 cm™! reached within the current
research correspond to various functional groups integral to
PEKK’s molecular architecture. In comparison, in the literature
are highlighted characteristic peak at ~1,645.0 cm™ which are
associated with carbonyl groups connected between two benzene
ring, a significant aspect of the PEKK’s molecular structure
(Paszkiewicz et al., 2023).

FTIR spectra of PEKK material in the literature confirms the
C-H bonds of the benzene ring, the C=0 bond of ketone, C=C bond
of the aromatic ring, and the ether bond (C-O). Notably, the peaks at
1,644 cm™!, 1,493 cm™!, and 920 cm™! are attributed to the diphenyl
ketone group, with the peak at 1,584 cm™! linked to the C=C
stretching vibrations in the aromatic ring. Furthermore, asymmetric
stretching peaks of carbonyl at 1,401 cm™ and 1,305 cm™, along
with additional peaks at 1,229 cm™! and 1,153 cm™! for C-O-C
bond in diaryl groups are observed in the structure of PEKK
material. The presence of hydroxyl groups is also indicated by a
peak at 3,307 cm™!". This detailed spectral fingerprint underscores
the distinct molecular structure of PEKK and its stability in various
applications realized by additive manufacturing technologies
(Sukiir et al., 2023).

In terms of comparing the FTIR of PEKK material with
FTIR results of PET-G material, it can be noticed that the
presence of peaks associated with carbonyl groups (1,651 cm™)
and double bonds (3,063 cm™') in PEKK indicates a more
complex and varied chemical structure as compared to PET-G,
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EDS analysis of (A) top surface and (B) section of sample made of PEKK material.

which lacks in having such functional groups (Kulkarni and
Narayan, 2023).

FTIR analysis of PEKK is more sensitive to small changes
in chemical composition and structure as compared to PET-G
and MED 857 (DraftWhite) materials. This increased sensitivity is
advantageous in case of PEEK material for detecting impurities,
changes in polymerization and variations in material quality
(Kozior et al., 2022).

The presence of specific functional groups like carbonyl groups
(1,651 cm™) in PEKK make this material to be chemically more
compatible as compared to PET-G and MED 857 (DraftWhite)
materials. The carbonyl groups contribute to better resistance
against chemical degradation in case of PEKK material.
(Paszkiewicz et al., 2023).

The presence of functional groups like C=C bonds (1,584 cm™')
in the structure of PEKK material is important in the adhesion
and bonding properties. This is critical mostly in cases in which
strong and durable bonds are essential for structural integrity
and performance of the realized components. (Chattaraj and
Basu, 2022).

PEKK material is often used in high-performance applications
such as robotic arms due to its superior thermal and mechanical
properties. The detailed information provided by FTIR in case
of PEEK confirms that this type of material meets the stringent
requirements of such applications.

The FTIR analysis of PEKK reveals a highly ordered and
crystalline structure. This crystallinity contributes to its excellent
mechanical properties, including high tensile strength and stiffness.
These properties make PEKK better suited for robotic arm
applications where structural integrity is paramount. PET-G, while
being a durable material, typically exhibits a more amorphous
structure. This amorphous nature can result in lower tensile strength
and stiffness compared to PEKK. In robotic arms, PET-G may
be more prone to deformation and fatigue under constant stress.
(Kluczynski et al., 2022).

MED 857 (DraftWhite) material may excel in certain robotic
applications, but its long-term durability may not be as robust as
PEKK, particularly when this material is being exposed to harsh
environmental conditions (Patpatiya et al., 2022b).
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3.2.2 EDS and SEM investigations

The EDS analyses of the top surface and cross section (see
Figure 8A, B, respectively) confirm the chemical composition
specific to PEKK (-C6H4-O-C6H4-CO-C6H4-CO-),. Chlorine
was detected in both cases, though the chemical identity of
the chlorine-containing compounds was not elucidated by the
analyses. Such compounds probably resulted from synthesis
catalysts or various additives used in the manufacturing process.
The EDS graphs and data analysis were performed with the
Origin software.

The high ratio of carbon content (83.5%) in PEKK material
is crucial, particularly when compared to materials like PET-G
(having 65% ratio of carbon content) and MED 857 (DraftWhite)
(having approximate 30% ratio of carbon content), as it confers a
suite of enhanced properties (Back et al., 2022; Gabalski et al., 2023;
Kulkarni and Narayan, 2023). Carbon atoms, that are integral to the
polymer matrix, contribute significantly to the overall stability and
strength of material. They do so by increasing the intermolecular
forces within the polymer chains, leading to a denser structure. This
increase in intermolecular forces directly translates to heightened
mechanical properties such as tensile strength and stiffness, which
represents essential characteristics for applications that demand
durability and rigidity, such as in the construction of the robotic
grippers (Karthik et al., 2023).

Furthermore, the presence of a higher ratio of carbon in PEKK
results in superior thermal stability. The components made from
PEKK can withstand higher operating temperatures without losing
structural integrity, this being one critical factor in the high-
performance and longevity of robotic grippers, which often work in
varied and demanding thermal environments (Tadini et al., 2017).
Additionally, the robust carbon structure in PEKK provides excellent
wear resistance, reducing the rate of material degradation under
mechanical stress and repetitive motions, thereby extending the
service life of the robotic grippers (Pedroso et al., 2022).

In essence, the higher carbon ratio in PEKK represents a
fundamental enhancement to the material’s molecular architecture.
This aspect is highly important in the case of applications when a
strong and rigid material is required for the precise and demanding
operations realized by the robotic grippers (Kotzur et al., 2022).
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FIGURE 9
SEM analysis of PEKK surface manufactured by FFF: (A) x100, (B) x500 (C) x5000 SEM analysis of PEKK after breaking in the ambient atmosphere: (D)

x100, (E) x500 (F) x5000 SEM analysis of PEKK after the traction test in liquid nitrogen: (G) x100, (H) x500, (I) xX5000 SEM analysis of edge PEKK surface
manufactured by FFF: (3) x100, (K) x500 (L) x5000.

In Figure 9 there is presented the SEM analysis of PEKK As one may notice in Figure 9A-C, top surface micrographs of
used in Fused Filament Fabrication (FFF), revealing notable  FFF-produced PEKK samples display a finely layered structure with
structural characteristics when compared with PET-Gand MED 857 layer thickness precision in the range of 439-442.9 um. Notably,
(DraftWhite) materials. Figure 9A illustrates this precision, which is on the size to tens
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of nanometers. The surface topography of the PEKK, as can be
seen in Figure 9B is predominantly smooth, marked by small,
scale-like protuberances characteristic of the FFF process, with
occasional porosities that can be seen on a higher magnification
in Figure 9C.

Fractured surfaces of PEKK samples, which have been broken
in ambient atmosphere conditions, are examined in Figure 9D-F.
The freshly broken surface (Figure 9D) transitions to a fine, layered
structure with grooves as can be observed in Figure 9E, leading
to the visualization of parallel fibrous structures that can be seen
on a higher magnification in Figure 9F. These images highlight the
material’s layered integrity and fiber alignment, which are indicative
of the material’s mechanical properties.

The brittleness induced by samples broken in cryogenic
conditions is showcased in Figure 9G-I, where SEM analysis
post-fracture displays distinct structural changes. Spherical
porosities ranging from 34.03 to 46.60 pm in diameter are scattered
throughout, as they were captured in Figure 9H, and Figure 91
emphasizes on a higher magnification the specific fracture surface
defects of the samples due to increased brittleness.

The edge area of PEKK samples exhibits signs of imperfect
layer adhesion (Figure 9]-L), with Figure 9], K is highlighting
the presence of small protuberances and Figure 9L revealing
spherical voids, further illustrating the influence of the FFF additive
technology on material structure.

By comparing the structures of PEKK material with the ones
of PET-G and MED 857 (DraftWhite) materials available in
the literature it is possible to notice that PEKK material has a
significant refined layer distribution, with precision reaching tens
of nanometers, superior than the one of PET-G and MED 857
(DraftWhite) materials in terms of layer uniformity and precision
(Zohdi and Yang, 2021; Sava et al., 2023). This high level of detail,
that is highly crucial for additive manufacturing applications, is not
as obvious in the case of PET-G and MED 857 materials, which
exhibit rougher and more varied layer structures. The surface of
PEKK, characterized by a smooth finish highlighted by distinctive
protuberances—characteristic of FFF manufacturing process—is
contrasted by the rougher and less consistent surfaces of parts
made of PET-G and MED 857 materials, indicating a superior
surface quality in case of parts made of PEKK material (Shinde et al.,
2022). Furthermore, the fracture surface analysis of PEKK samples
reveals intricate patterns of grooves and defects, offering a deeper
understanding of its mechanical behavior under stress, unlike the
less complex fracture characteristics seen in the case of samples
made of PET-G and MED 857 materials (Amza et al., 2021). Overall,
the comparison highlights PEKK’s superior structural and surface
qualities, which are essential for its performance in high-stress
applications, like the ones of robotic grippers.

3.3 Finite element analysis results

The finite element model allowed the determining of the critical
values in case of the vertical displacement which has been applied
at the free end of the robotic tooltip at which the maximum value
of the von Mises equivalent stress becomes equal to the yield stress
of each material, respectively at 14 mm in case of PET-G material,
18.8 mm in case of PEKK material and 26.2 mm in case of MED 857
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(DraftWhite) material. Figure 10 lists the maximum values of the
von Mises equivalent stress oeq, max determined by the SolidWorks
Simulation finite element program in case of values of the vertical
displacement d enforced at the free end of the robotic tooltip that
were mentioned.

As one may notice in Figure 10, the maximum von Mises
equivalent stress that was reached at the level of the tooltip
components was 48.1 MPa in case of PET-G material (Figure 10A,
84,7 MPa in case of PEKK material (Figure 10B and 47.7 MPa in case
of MED 857 (DraftWhite) material (Figure 10C.

3.4 Manufacturing results and process
economic coefficients

Of the performed manufacturing processes, 100% succeeded,
without any major errors, concerning all the aspects (machine,
software, code and material). The images presented in Figure 11
show sets of parts manufactured using various materials and
technologies. The parts were visually examined to find any major or
minor errors of representation of their shape and surface.

Regarding the manufacturing processes and their comparison,
the following observations can be made:

« The FFF manufacturing process using PET-G material shown
in Figure 11A went smoothly without any noticeable errors
or problems. The manufactured parts are free of visual and
shape errors, with noticeable, expected staircase effect and
surface roughness. Also, due to applied infill of 30%, they are
considerably lightweight—it does not affect the long part of the
tooltip, only the bulk, lower part.

o The FFF manufacturing using PEKK material shown in
Figure 11B was also done without any disturbances and the
parts do not present any major errors or inconsistencies.
However, it is noteworthy that the process took much more
time—layer deposition was very long, as well as material
preparation (drying in a dedicated furnace).

o The PolyJet process of samples shown in Figure 11C also went
smoothly without any disturbances. The obtained parts were
very smooth and precisely represent the part geometry, without
visible staircase effect, having a partially shiny surface thanks
to low layer thickness. They were also considerably heavy
and rigid—the standard PolyJet process settings do not allow
openwork internal structure, so the parts are monolithic. For
all the materials, fitting and assembling the complete tooltip
was not a problem. Acceptable accuracy was obtained, although
the least visual looseness was noted for parts made of PolyJet
technology, which was to be expected due to high machine
accuracy and very low layer thickness.

The summary of economic coefficients of the printouts is
presented in Table 1.

The following observations can be made related to the time and
cost indicators of the considered processes in comparison:

 FFF manufacturing out of PEKK material is the longest process

of all three tested, both in terms of layer manufacturing (more
than 2 times longer than using PET-G material, but also 3
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FIGURE 10

Distribution of the von Mises equivalent stress at the level of the tooltip components (A) made of PET-G, as obtained by enforcing a vertical

displacement of 14 mm:; (B) made of PEKK, as obtained by enforcing a vertical displacement of 18.8 mm and (C) made of MED 857 (DraftWhite), as
obtained by enforcing a vertical displacement of 26.2 mm.
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FIGURE 11
Manufactured samples, (A) FFF, PET-G material; (B) FFF, PEKK material; (C) PolyJet, MED 857 (DraftWhite) material.

TABLE 1 Time and cost of manufacturing for the three considered materials.

Material / process ‘ PET-G (FFF) PEKK (FFF) MED 857 (PolyJet)
Parameters ‘
Layer deposition time 7 hr 9 min 17 hr 5hr 7 min
Total manufacturing time (est.) 7 hr 30 min 31 hr* 6 hr
Build material consumption [g] 104 105 293
Build material cost (USD) $1.81 $60.52 $67.82
Machine operation cost (USD) $1.75 $44.28* $468.37
Total manufacturing cost (USD)® $8.19 $109.44 $547.77

“including the drying process.
bincluding cost of work of human operator—pre- and post-processing.

times longer than the MED 857 (DraftWhite) material and
preprocessing (13 h of drying). As the material is also costly and
requires a special, expensive machine to process, this variant is
significantly, 13 times more expensive than standard FFF 3D
printing of PET-G material.

In terms of the PolyJet process—it is in total much shorter
than manufacturing of PEKK and even standard FFF process
(PET-G material). It is also noteworthy that in the PolyJet
technology, horizontal increase in build chamber filling with
more parts does not considerably increase build time—for a
single set of samples it was approx. 5 h, for two sets—6,5 h, for
three—approx. 8 h). Considering a very low layer thickness
(18 um) and high infill (monolithic, non-controllable),
efficiency of PolyJet process can be considered as very high.
The PolyJet machine has an immense purchase cost, by a large
margin, which makes the process the most expensive of all with
the assumed calculation methodology (5 times more expensive
than PEKK and almost 70 times more expensive than standard
FFF 3D printing of PET-G material).

Frontiers in Materials

It can be observed that for the MED 857 (DraftWhite) material
and the PolyJet process, consumption was much higher than in
the case of FFF processes. Of the 293 g consumed by the PolyJet
device, however, only 226 g are actually used for building the
part, the rest is wasted (machine uses all 6 installed cartridges
and purges them during each print). It is still a considerably
larger amount than in the case of FFF processes—however, in
PolyJet there is no partial internal filling, meaning that the parts
are monolithic. This does not influence the beam part of the
tooltip, as it has low wall thickness—however the bulk part of
the tooltip is affected and the parts of PolyJet are considerably
heavier due to that fact.

All three processes and materials allow achieving acceptable
results in terms of process stability, as well as lack of major
errors in shape and accuracy, enabling proper fit. As the cost
difference between typical, easily accessible FFF process and
the two other (high-performance) processes is significant, it
seems not advisable to use these for regular production of
customized robotic arm parts, unless dedicated properties
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FIGURE 12

Samples made of (A) PET-G, (B) PEKK and (C) MED 857 (DraftWhite) materials after strength testing.

of high-performance materials (such as chemical or thermal
resistance, as well as increased strength) are to be utilized.

3.5 Mechanical test experiments results

In the case of all the samples, the bending test was realized
without disturbances. Most samples were broken entirely during
the tests, with an exception of all PET-G material samples, which
cracked, but did not disjoint. The experiment was always stopped
shortly after decrease of loading force was observed, hence lack
of full failure of samples of these materials. Also, one sample of
MED 857 (DraftWhite) material was not visibly cracking—heavy
plastic deformation occurred, but without breaking the continuity
of material. All the other samples of the batch failed at comparable
loads and the failure was similar in observation to the “brittle
fracture” mechanism, with sharp edges and smooth surfaces at the
locations of failure.

Figure 12A-C presents juxtaposition of samples made of PET-G,
PEKK and MED 857 (DraftWhite) material after the test.
of
diagrams for all three materials, obtained from the testing

Figure 13A-CB  present examples load-displacement
machine software.

Table 2 presents the main numerical results of strength testing,
calculated on average for 3 samples—maximal registered forces,
forces at break, maximal displacements and maximal stresses
calculated using the formula shown in earlier chapters.

Analyzing the results, the following observations can be made:

o As one may notice by examining Figure 12, the abscissae
corresponding to the maxima of the load-displacement
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curves resulting from experiments are well approximated
by the previously mentioned numerical (CAE) results that
were presented in Figure 10. It is to be specified that the
results presented in Figure 10 depend on the mechanical
parameters (elastic constants) of the material for which the
numerical simulation has been performed. For example, if
the displacement of the tooltip made of PEKK were 14 mm
(less than 18.8 mm—case shown in Figure 10B), the maximum
value of the von Mises equivalent stress would be smaller than
84.7 MPa (as shown in Figure 10B) but different from that
obtained in the case of PET-G for the 14 mm displacement of
the tooltip end (see Figure 10A). In general, the mechanical
response of materials having different elastic constants is not
the same even if the external loads and kinematic restraints
are identical.

Table 2 compares the vertical displacement of the tooltip
d [mm] at which SolidWorks Simulation predicts that the
maximum value of the von Mises equivalent stress becomes
equal to the material yield stress (as predicted by SolidWorks
Simulation) with the vertical displacement of the tooltip
deyp [mm] at which the maximum testing force occurred
inthe bending experiments (Figure 13). As one may notice by
analyzing the relative errors er of the numerical predictions
100x(d - dexp)/dexp [%] listed in Table 2, the numerical
results are quite close to the experimental data for all
materials.

As expected, performance of PEKK samples is considerably
higher than PET-G samples—more than twice a load was
achieved before failure of the part.

Displacements at maximum load are almost the same for both
filament materials—and almost 40% higher for the MED 857
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FIGURE 13
Load-displacement diagram for samples made of (A) PET-G, (B) PEKK and (C) MED 857 (DraftWhite) materials.

TABLE 2 Results of strength tests of robotic arm grippers made of different materials and comparison of the experimental data with the results reached
by numerical simulation.

Materials and Frax INI | Foreak NI diax op/MPa] | Numerical / dlmm] | de,lmm] &, [%]
characteristics [mm] experimental data
experimentally comparison
determined
PET-G 4725 298.5 21.25 31.8 PET-G 14.0 143 2,10
PEKK 1047.0 986.5 21.05 70.4 PEKK 18.8 19.0 -1.05
MED 857 1547.7 1494.5 29.20 104.0 MED 857 262 26.0 0.77
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(DraftWhite) material. This type of material which is based on
resin also was less prone to fracturing.

o The PEKK material samples, as opposed to PET-G samples,
broke almost instantaneously and the failure was visible at the
whole cross-section (of a single beam). It might be considered
more of a brittle fracture than plastic deformation in this case.
In the case of PET-G, much more plastic behavior was observed,
with no visible breaking of the beam parts, but with heavy
plastic deformation instead.

o The MED 857 (DraftWhite) material was the strongest, by
a large margin (more than 50% difference when comparing
with the PEKK material). Also, the highest displacement was
achieved in this case. This may be partially attributed to
monolithic infill of the part, making it heavier in total—but also
thanks to the low layer thickness and different method of layer
deposition, the connections between layers may be stronger
than in FFF technology, resulting in higher performance
under load.

« Comparison of mechanical characteristics in terms of strength
obtained in the experiment and declared by the producer brings
interesting observations. For the PET-G, experimental value
(31 MPa) was twice lower than the declared value of 64 MPa.
For the PEKK material, declared and experimental values were
comparable (experiment—slightly less than declared, at 70 MPa
versus approx. 80 MPa as declared). However, for the MED 857
(DraftWhite) material, the obtained strength (100 MPa) was
considerably higher than the declared value (70-85 MPa). The
discrepancy in this case might be a result of simplifications
during stress calculations, but only to a certain extent—this
does not fully justify almost 30% of difference between material
sheet data and experimental data. More experiments on
different geometries would be needed to be performed in the
future regarding the mechanical characteristics and behavior of
this material.

3.6 Discussion

In the experimental studies, it was found that the PEKK
material—which is a high-performance material used for additive
manufacturing by material extrusion—indeed has much better
strength properties than generic materials used in regular 3D
printing processes, like PET-G and MED 857 (DraftWhite)
materials. The difference is considerable—the material is able
to sustain at least twice the load, with the same deformation,
as compared to the standard PET-G material. At the same
time, the PEKK material processing using material extrusion 3D
printing is not troublesome, provided appropriate temperature
conditions are used—which is still not common in the case
of other high-performance materials (e.g., like in the case of
composite filaments with carbon fibers). The manufacturing of
this material is a stable and repeatable process, requiring almost
no post processing. The obtained parts present acceptable visual
quality and shape accuracy, enabling proper assembly of obtained
machine parts.

However, costs of production in the case of this material—as
well as with other materials of this group are very high. The PEKK
material, as of current market availability, is 30 times more expensive
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than regular FFF filaments (such as PET-G or MED 857 materials).
Also, it requires considerably more expensive and less available
machines to perform the processing. Totally, cost of producing
the robotic gripper parts as presented in this article was 13 times
higher for PEKK than of a standard material. Another disadvantage
is drying time, which is almost as long as manufacturing (in the
case of parts considered in this article) and also much longer
than the whole production process using the filaments not needing
the drying.

As such, the authors believe it is only advisable (in practical
conditions), if typical FFF filaments do not allow to obtain proper
loading strength—however, in such case it could be advisable to
change part geometry, instead of highly increasing production cost
by using a very expensive material. Another scenario of use would be
if typical materials do not fulfill special criteria, e.g., of temperature
or chemical resistance. Only then would it be practical to use PEKK
as a replacement.

The comparison of the FFF technology with the PolyJet
technology also brought some interesting insights. The PolyJet
machine is a very expensive device and its purchase and operation
costs vastly increase the total cost of obtained parts. However, if
the machine costs were taken aside, the material itself (which is a
generic UV resin supplied by the machine producer) is actually less
expensive than PEKK. At the same time, it excels at each criterion
taken into account in this article—the parts are very strong (more
than 50% stronger than PEKK parts and more than 3 times stronger
than PET-G parts, in the conducted experiment), accuracy and
surface quality are much better than in FFF (almost no staircase
effect visible, with a shiny, smooth surface without additional
processing) and the production time is also shortest of all three
processes considered in the article. It might be considered practical
more than PEKK (or other high-performance polymers) if the
PolyJet machine is readily available (thus, taking the purchase cost
out of the equation)—in a shorter time, parts of better characteristics
can be obtained.

The PolyJet process also has certain disadvantages. Aside from
the enormous price, the material waste is quite high—extra material
is consumed of all cartridges, regardless of batch size (the material
waste is even larger when considering that FFF filaments are fully
recyclable, while polymerized UV resin—not as much). Considering
also that times of manufacturing do not increase significantly while
adding more parts to the batch (provided that maximal vertical
dimension, i.e., layer amount, stays the same), it would be advisable
in practical conditions to produce as large batches as feasible when
dealing with that technology. Also, internal filling cannot be reduced
(or otherwise controlled), as such the parts can be bulky—proper
geometry would need to be obtained, taking these considerations
into account. In terms of the strength—the parts were very durable
during the experiment described in this article, however from the
author’s experience—this may not be the case with small geometry
parts and lower wall thicknesses. Further examinations on various
parts and materials would need to be done to further decide if
PolyJet can excel over FFF and in which applications, in terms
of strength.

Anyhow, the experiment has proven that it is certainly
possible to manufacture customized robotic arms using 3D printing
technologies. The robotic gripper presented in the article is just
an exemplary device—of course in the case of mass production,
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additive technologies would not be feasible. But in the case of
highly customized devices, such as robotic prosthetic hands, legs or
exoskeletons and their parts, additive manufacturing may be the way
to go. Therefore, it is important to know if the currently available
high performance materials and processes allow obtaining parts of
considerable strength and accuracy. The experimental and analytical
results state that this is the case.

4 Conclusions

In this article, it was presented how the high-performance
materials and 3D printing technologies like Fused Filament
Fabrication (FFF) or Polyjet technology can be used to produce an
exemplary biomechatronic device—part of a robotic gripper.

As it was shown in the article, the advanced chemical structure
of PEKK, characterized by distinctive carbonyl groups and double
bonds, underscores its enhanced resistance and compatibility as
compared to PET-G and MED 857 (DraftWhite) materials. This
complexity not only augments its sensitivity in FTIR analysis, crucial
for identifying impurities and assessing material quality, but also
strengthens its adhesion and bonding properties that are essential
for high-performance applications like robotic arms. The crystalline
nature of PEKK further amplifies its mechanical robustness, offering
superior strength and stiffness, making it an ideal choice for robotic
components where enduring structural integrity is paramount.
In contrast, the amorphous structures of PET-G and MED 857
materials may exhibit more vulnerability under sustained stress.
In essence, PEKK stands out as a preferred material for the
fabrication of resilient and reliable robotic systems, substantiated by
its exceptional chemical and mechanical characteristics.

As EDS analyzes emphasized, PEKK material, with its enhanced
carbon composition, unequivocally surpasses PET-G and MED
857 (DraftWhite) in strength and durability, marking it as a
preferred choice for high-demand applications like robotic arms.
The material’s exceptional fine layer distribution, evidenced by a
microscopic examination, underscores its superior precision and
control in additive manufacturing compared to the less uniform
layers of PET-G and MED 857 (DraftWhite). The SEM analysis
highlights PEKK’s smooth and consistent surface, this aspect
being revealed also by the PEKK’s intricate fracture surfaces,
offering deeper insights into its superior performance under stress,
underscoring its reliability in high-performance applications. In
contrast, PET-G and MED 857 (DraftWhite) exhibit rougher
textures and less detailed fracture surfaces, highlighting PEKK’s
advanced material behavior and stability.

In terms of CAE analysis, the results obtained from finite
element simulations, showed that each of the analyzed materials
(PET-G, PEKK and MED 857 (DraftWhite) exhibited a consistent,
incremental rise in stress, reflecting their escalating response to
enhanced loading. This information has been considered crucial as it
signifies the distinct mechanical resilience and capabilities of PET-
G, PEKK-A, and MED 857 (DraftWhite) materials, thereby aiding
in the informed selection of materials for specific load-bearing
applications in robotic tooltips. The observed trends underscore the
heightened stress tolerance of PEKK-A and MED 857 (DraftWhite)
materials as compared to PET-G, influencing their preference in
high-performance applications.
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Based on results that were reached through mechanical testing
experiments which were in close correlation with the ones reached
through CAE analyses that were realized, it was possible to
determine that PEKK, despite its superior performance compared to
PET-G, exhibited brittle fracture characteristics, snapping suddenly
under load, contrary to the more plastic deformation that has
been observed in case of other tested materials like PET-G. The
resilience of MED 857 (DraftWhite) markedly overshadowed others,
supporting loads over 50% higher than PEKK and showcasing
the least susceptibility to fracturing, attributing to its monolithic
infill and stronger inter-layer connections from a distinct layer
deposition method.

An interesting divergence between experimental and declared
mechanical strengths was noted, particularly in the case of PET-G
and MED 857 (DraftWhite) materials. While PEKK’s experimental
and declared values aligned closely, PET-G’s experimental strength
was half the declared value, and MED 857 (DraftWhite) exceeded its
declared strength by almost 30%, signaling possible simplifications
in stress calculations or the need for further diversified geometrical
testing to ascertain the material's mechanical characteristics
comprehensively.

In terms of 3D printing processes, crucial insights into
the practicalities and challenges of each method have been
provided. FFF manufacturing with PET-G and PEKK materials went
seamlessly; producing parts with acceptable accuracy and no major
errors, with a noted staircase effect and surface roughness in case of
PET-G material. PEKK, while offering quality outputs was notably
time-intensive and costly, making it a less feasible choice for regular
production. The process demands prolonged layer deposition and
material preparation time, leading to significant production delays
in the manufacturing process. In contrast, the PolyJet process offers
enhanced efficiency, yielding smooth and highly accurate parts,
demonstrating its superiority in achieving detailed geometrical
representation and fine layer thickness. This precision, however,
comes at a steep cost. Despite its shorter manufacturing time, the
high purchase and operational costs of the PolyJet machine make it
the most expensive among the tested processes, presenting a barrier
for its adoption in regular production of robotic parts. Furthermore,
the PolyJet process results in substantial material consumption
and wasting materials during the print. This, coupled with the
creation of monolithic, heavier parts, underscores the limitations
of this technology, despite its evident advantages in precision
and finish.

In a cost and time-effective analysis, while all processes deliver
satisfactory results in terms of stability and accuracy, the financial
and time investment required for PEKK and PolyJet processes does
not align with their output benefits for regular production of robotic
arm parts. The utilization of these high-performance processes
would only be judicious if specific, advanced material properties are
imperative for the application, emphasizing the need for a balanced
consideration of cost, time, and material performance in selecting
the suitable manufacturing processin the further studies, it would
be worth performing other tests on high-performance materials,
such as fatigue tests, tests of chemical and temperature resistance,
dimensional accuracy studies and others. Also, a second direction
of studies should include producing actual biomechatronic devices
(such as orthoses or prostheses) and testing their use with real
patients, to provide more answers about practical possibilities of
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using the current generation of 3D printing technologies in current
trend with the new types of materials that are expanding and
occurring on the market.
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