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ARTICLE INFO ABSTRACT

Keywords: Robot grippers are crucial components across various industrial applications, requiring special design and pro-

FDM duction for obtaining the optimal performance. Conventional plastic injection moulding techniques fall short in

Mechanical testing achieving the specificity needed for these grippers. To address this challenge, current paper focuses on devel-

i;gftrie\lztewri:r:glc.‘turing oping a robot gripper using carbon fiber-reinforced polyamide with a next-generation composite filament and

Industrial robot gripper employing the innovative Generative Design technique. In the work, we began by characterizing and optimizing

Optimization the composite material specifications. Then, the tensile strength and fracture mechanics of standard samples
based on printing parameters, applying Taguchi experimental design for optimization were evaluated. Analysis
of Variance (ANOVA) was used for factor analysis to fine-tune the process. Using the Generative Design tech-
nique, we determined optimal geometries, which were then fabricated through Fused Deposition Modeling
(FDM). As a result, the optimization efforts led to significant improvements i.e., tensile strength increased from
103.2 to 116 MPa, and the elasticity modulus from 8386 to 8990 MPa. In practical industrial applications, we
achieved a reduction in material weight from 14 to 4 g, lowered production costs from $5.16 to $1.50, and cut
production time from 58 to 28 min. This study presents a validated method for developing industrial products
with reduced material usage and costs, promoting sustainable production practices.

process except that a fiber can be co-extruded with the plastic. Extensive
research has recently been conducted on the integration of both

1. Introduction

The use of composite filaments in additive manufacturing (AM), also
known as three-dimensional (3D) printing is rapidly increasing due to
the increasing demand for advanced material properties such as high
strength, long fatigue life and good energy absorption [1]. Both
commercially available filaments and research into filament develop-
ment play a critical role in the production and characterization pro-
cesses. With low setup costs and a large selection of useable materials,
fused deposition modeling (FDM) is the most popular extrusion-based
AM technology. Using a heated nozzle of a specified diameter, ther-
moplastic filament is fed into the FDM process, and each layer is formed
by the extruded material being deposited onto a bed that can also be
heated for improved adherence [2-4].

The composite filament fabrication process is similar to the FDM

continuous and staple fibers into composite filaments [5-7]. These
studies generally include a range of fibers, such as glass fiber [8], carbon
fiber [9] and Kevlar fiber [10], and focus on aspects such as fiber type
and density. Moreover, research typically aims to optimize production
parameters such as nozzle temperature, layer height, and 3D printing
speed to evaluate their effects on tensile strength, impact strength, and
microstructural properties [11-13].

Comprehensive literature research was conducted in this context. For
instance, Tutar [14]studied the impact of production factors on the
mechanical characteristics of polyamide (PA) and carbon
fiber-reinforced PA materials that are manufactured by AM. The author
highlighted that the addition of carbon fiber reinforcement boosted
tensile strength and stiffness while decreasing toughness and ductility,
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Fig. 1. A-arm design conducted by Generative Design Approach [27].

irrespective of the raster angle. Condruz et al. [15] examined the me-
chanical characteristics of three thermoplastic-based materials that are
readily accessible for use in the fused filament deposition (FFD) process.
It was found that UltraFuse polyamide high temperature carbon fiber
reinforced with 15% has the best mechanical performances. Tavara et al.
[16] examined the effects of anisotropy and ageing on the mechanical
properties of 3D printed short carbon fiber-reinforced polyamide com-
posites. The study used 100% infill samples that were produced and
subjected to tensile and fracture toughness tests. The filament material
contained 12.8% short carbon fiber particles and knitted in +45/-45
configurations. Venkatesh et al. [17] investigated the effect of adding
carbon fiber to polylactic acid (PLA), acrylonitrile butadiene styrene
(ABS), and nylon on mechanical features. They considered the nozzle
temperature, infill line directions, and carbon fiber addition as variables
and determined the Young modulus and tensile strength as research
outputs [2]. Chacén et al. [18] studied the effect of production param-
eters such as build orientation, layer thickness, and fiber volume content
on continuous fiber-reinforced thermoplastic composites in terms of
mechanical properties. FDM 3D-printed parts consisting of carbon,
kevlar, and glass fibers were fabricated at two different build orienta-
tions i.e., flat and on-edge build orientations. Tensile and 3-point
bending tests were carried out to investigate mechanical properties,
and fractured surfaces were evaluated using scanning electron micro-
scopy (SEM) images. Their findings indicated that flat specimens had
greater values of strength and stiffness than on-edge specimens and that
carbon fiber reinforced composites had the highest mechanical perfor-
mance with higher stiffness. Caminero et al. [19] observed the impact
damage performance of continuous fiber-reinforced thermoplastics and
analyzed the impact strength obtained from Charpy tests. Also, re-
searchers studied the effects of build orientation, layer thickness, and
fiber volume fraction on the results. According to findings, in flat sam-
ples, impact strength rose with increasing layer thickness; in on-edge
samples, however, impact strength fell, indicating a more brittle frac-
ture. Ferreira et al. [20] performed low-speed impact tests to study the
ageing effect of continuous carbon fiber-reinforced composites produced
by fused deposition modelling. Findings indicated that the original
elastic component shrinks slightly with age. Furthermore, it was evident
from the specimens that the degree of vision impairment changed with
age. Ferreira et al. [21] conducted a review study for producing
fiber-reinforced composites via the FDM method. They compiled the
papers on composites with different matrix materials and continuous or
discontinuous reinforcement fibers. Also, researchers classified them
according to different fiber types, matrices, fiber densities and produc-
tion types. They stated that some of these limitations were addressed by
the development of different options i.e., the formulation of
high-performing polymers, the FFF technique for creating
fiber-reinforced materials, and/or the design of new FFF-based pro-
cesses for composite material manufacturing. Prajapati et al. [22]
observed the effects of build orientation, fiber angle, and number of fiber
rings on impact resistance. They used glass fiber-reinforced filament,
and samples with 0°/90° and +45° fiber angles were produced and then,
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tested. They used glass fiber-reinforced filament, and samples with
0°/90° and +45° fiber angles were produced and tested. AlMuhanna
and AlMangour [23] conducted a study to examine the effect of building
orientation and fiber type on the mechanical behaviour of additively
manufactured ABS matrix composites. Glass fiber and carbon fiber
reinforced ABS samples were produced in flat, on-edge, and up-right
building orientations. The results showed that building orientation
greatly effects a number of mechanical features. Also, the most desirable
mechanical characteristics were created by buildings oriented in-plane,
or flat and on the edge, whereas the poorest mechanical values were
produced by buildings oriented upright. Kabir et al. [24] aimed to
maximize the performance of fiber-reinforced nylon composites pro-
duced by the FDM method. Several important factors, such as fiber
orientation, the volume of fiber filament, the volume of polymer fila-
ment, the fiber volume fraction of composite, estimated weight and
measured weight values were studied. Findings showed that, despite the
fact that 3D printed composites are naturally defective in that they
feature voids, which can cause the composites to fail prematurely, fiber
orientation with the highest possible fiber content significantly im-
proves the performance of the composites. Another review study was
conducted by Wickramasinghe et al. [25]. The focus of the study is on
fiber-reinforced composites (FRC), which are essentially examined in
two separate groups: continuous and discontinuous fiber re-
inforcements. In this comprehensive literature review, papers were
evaluated in terms of parameters such as layer thickness, infill pattern,
raster angle, and fiber orientation. As a result, there are two possible
values for the ideal raster angle to attain the maximum tensile strength
in polymers: 0° and 90°. Nagendra and Prasad [26] studied optimizing
some important production parameters such as layer thickness, 3D
printing temperature, raster angle, infill part density, and infill pattern
of nylon-aramid fibers composite used as a filament material. Parame-
ters such as layer thickness, 3D printing temperature, raster angle, infill
part density, and infill pattern style were investigated and optimized
using the Taguchi technique.

Generative Design has become widespread in the industry due to the
rapid development of AM technology. Artificial intelligence-based
software creates alternative designs for products and create geometric
structures in accordance with load and boundary conditions. For
instance, in the investigation undertaken by Junk and Rothe [27], a
Generative Design component was manufactured. This component,
leveraging fiber-based filament, facilitated the creation of an A-arm of
the rear axle of the racing car, thereby offering notable advantages in
terms of weight reduction and production cost optimization. The prod-
uct and the newly generated model from the study are illustrated in
Fig. 1.

The design and integration of cross-joint components into AM pro-
cesses were investigated on Generative Design conducted by Han et al.
[28]. The study highlighted that the integrated approach would reduce
production cycle times and enhance production quality. Initially,
numerous models were automatically generated based on the first ge-
ometry prepared using machine learning-based Generative Design
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Table 1

The selected experimental parameters and their levels (input parameters).
Symbol Parameters Unit Level 1 Level 2 Level 3
A Nozzle temperature °C 240 260 280
B 3D printing speed mm/s 30 55 80
C Heat treatment time min 0 20 40

algorithms. Subsequently, the models were evaluated based on design
criteria and cost, verified through finite element analysis, and manu-
factured using the FDM technique.

In summary, while much of the existing literature emphasizes ma-
terial development and the optimization of production parameters,
there is a notable gap in the application of statistical experimental
design and subsequent optimization for samples produced with carbon
fiber-reinforced filaments, particularly concerning their commercial
viability.

The present paper intends to address this gap by optimizing both
material properties and production parameters. Following optimization
process, Generative Design which is an advanced design methodology
applied to a commercial product. The research employs an experimental
development approach, with analytical models used to interpret the
results. This dual focus on optimization and productivity enables
increasing the usability of carbon fiber-reinforced filaments in practical
and commercial applications.

2. Materials and methods

The study was conducted in three distinct stages, beginning with the
characterization of the CF15 (15 wt% carbon fiber) reinforced PA ma-
terial. During the initial stage, samples produced under various
manufacturing parameters were subjected to tensile testing to assess
their mechanical performance. The research follows an applied meth-
odology, utilizing 15 wt% carbon fiber particle-reinforced Nylon6 for
the development of the robotic gripper. Filament materials were ob-
tained from BASF-Germany. The extrusion diameter of the filament was
2.85 mm, and the diameter of the nozzle used for extrusion was 0.6 mm.
Mechanical properties of materials supplied by the manufacturer can be
found in Table S1.

In this study, an Ultimaker S5 FDM 3D printer with a build volume of
330 x 240 x 300 mm, capable of working with high-strength glass and
carbon filaments, and a layer resolution of 20 pm was used. The samples
were printed on a glass plate using a special adhesive to ensure adhesion.
Tensile test specimens were produced in accordance with ASTM

Table 3

Performance-cost analysis.
No  Force [N] (1 mm Weight Production time Cost

Deformation] FDM [g] [min] [$]

1 182.50 4 28 1.50
2 212.50 5 28 1.86
3 185.00 8 39 3.00
4 192.50 9 40 3.39
5 Cancel 4 25 1.50
6 225.00 12 54 4.50
7 Cancel 4 26 1.50
8 72.50 4 24 1.50
9 177.50 14 58 5.16

D683-14 Type I standard. All sample data was formatted in.stl format
facilitating integration into the printing process. A production plan was
developed based on the initial dimensions of the samples shown in
Fig. S1. The production process was organized using Ultimaker Cura
5.3.0 software. After the design was sliced, the G codes were transferred
to the 3D printer to begin production.

Taguchi method was used during the experimental design phase.
This method begins with a comprehensive factor analysis in which
production parameters are systematically ranked and prioritized. For
this study, specific parameters including nozzle diameter, table tem-
perature and filler type were set as fixed values, i.e. 0.6 mm, 100 °C and
’concentric’ respectively. Key parameters for inclusion in the experi-
mental design were identified based on constraints including insights
from preliminary experiments and production cost considerations.

The respective level values corresponding to the selected parameters
were gleaned from both manufacturer catalogue data and preliminary
experiments. Additionally, in this work, in order to strengthen the bond
between layers, heat treatment was carried out by keeping the products
in a temperature environment of 80 °C for a certain period of time. The
identified parameters and their corresponding specifications are pre-
sented in Table 1.

Considering the parameters and number of levels given in Tables 2
and 3"3 = 27 experiments are required for a full factorial experiment in
the statistical experimental design method. However, due to the diffi-
culty of performing the tests and the high production cost, it is aimed to
find the optimum parameters with a smaller number of experiments. For
this purpose, the Taguchi optimization method has been used. In the
Taguchi experimental design method, for a study with 3 factors and 3
levels, an Ly experiment is recommended. With the selected Lg experi-
mental design table, 8 effects and interactions can be calculated. Three

Table 2
ANOVA results for weight, tensile strength, and surface roughness.

Weight Source DF Adj SS
A 2 0.1344
B 2 0.1083
C 2 0.0232
Error 2 0.0014
Total 8 0.2674

R% 99.46%

Tensile strength Source DF Adj SS
A 2 209.41
B 2 173.38
C 2 18.48
Error 2 18.06
Total 8 419.34

R% 95.69%

Surface roughness Source DF Adj SS
A 2 3697.7
B 2 2870.7
C 2 286.1
Error 2 108.0
Total 8 6962.5

R?% 98.45%

Adj MS F-Value P-Value % Contribution
0.0672 93.06 0.011 50.25
0.0541 75.05 0.013 40.52
0.0116 16.10 0.058 8.69
0.00072 0.54
100
Adj MS F-value P-value % Contribution
104.73 11.59 0.079 49.94
86.69 9.60 0.094 41.35
9.24 1.02 0.494 4.40
9.03 4.31
100
Adj MS F-value P-value % Contribution
1848.84 34.23 0.028 53.10
1435.36 26.57 0.036 41.23
143.06 2.65 0.274 4.12
54.01 1.55

100

(DF: Degree of freedom, Adj SS: Adjusted sums of squares, Adj MS: Adjusted mean squares).



S. Hartomacioglu et al.

Journal of Materials Research and Technology 33 (2024) 3714-3727

10.4-

10.2-

10.0 4

9.8

Weight [g]

9.6

9.4

9.2-

9.0

10.34

SRR S P

9.876

9.283

Experiments

Fig. 2. Samples’ weights obtained from experimental study.

of these are main effects, called A, B and C, and the remaining 4 are
interactions and their equivalents. The tensile strength value obtained in
the study was accepted as the main response variable. The selected
experimental design (Lg orthogonal array) is given in Table S2.

In this study, after obtaining the experimental data, the signal-to-
noise (S/N) ratios were calculated to analyze the optimum points and
the effect of parameters on the responses. Since the study’s primary
objective is to increase the strength value and to reach the theoretical
density of the reference material, the "higher-the-better’ approach has
been employed. According to this method, the S/N ratio for each
experiment was calculated using Eq. (1). Here, a higher signal-to-noise
ratio is desired, indicating a lower noise ratio. The noise ratio encom-
passes uncontrollable factors like machine vibration, flow rate, non-
homogeneous material regions, and irregular speed. The data obtained
from the applied method has been graphed and evaluated.

—10 log (rlz ;2)

Where i = 1,2,3 ....n, Y is output values of response.
In the study, to facilitate a detailed evaluation and interpretation of

n

>

i=1

@

N

the results, the unperformed experiment outcomes were estimated.
Following the prediction process in the Taguchi experimental design
method, the data were evaluated and graphed. The prediction model
used in the study is provided below (Eq. (2)):

r]opt =Nm + Z (ﬁl - nm) (2)
Where n,, = the overall mean of signal-to-noise ratio, f = the number of
factors, n; = the mean of signal-to-noise ratios at the optimal level of
each factor i.

In this study, ANOVA method was utilized to investigate and eval-
uate the effects of factors on the result. General Linear Model was used
for analysis and then F and P values were calculated for each factor and
error. Furthermore, the effects of the factors were determined in terms of
percentage error. A P-value greater than 0.05 indicates a significant
effect of the experimental parameter. F, P, and percentage error values
were computed and tabulated for each factor. Each sample produced
within the scope of the study was numbered and packaged separately.
Subsequently, the weight of each sample was measured with a precision
balance and detail.

19.80

19.75 4

19.70 4

19.65 -

S/N Ratios for Weight

19.60 -

19.55 -

19.50 -

Fig. 3. S/N ratios for samples’ weight values.
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Fig. 4. Estimated weight values of samples.

3. Results and discussion
3.1. Characterization and optimization of production parameters

Weight is an important parameter in AM processes in terms of per-
formance. After conducting a study, it was observed that, despite having
the same printed geometry, the weights of the samples varied. Fig. 2
presents the average weight results. When Fig. 2 is examined, it can be
concluded that the highest weight of 9.88 g was obtained in experiment
7, where the nozzle temperature was set to 280 °C, the 3D printing speed
was 30 mmy/s, and the heat treatment time was 40 min. The results
indicated that higher nozzle temperatures caused the molten material to
spread more, resulting in a decreased porosity rate and an increased
sample weight. The sample weight was expected to be 10.34 g, based on
the theoretical density and the sample volume of 8.39 cm®. However, the
actual sample weights varied, and the largest error amount was
observed in experiment 3. The lowest error rate was recorded in
experiment 7, at 4.49%. Similar results have been obtained in the
literature and the reason for this situation has been evaluated from
various perspectives. For example, in a study conducted on maximizing
the performance of fiber-reinforced composites produced by 3D print-
ing, it was observed that there was a difference between the calculated
and measured weights, and here factors such as fiber orientation and
other parameters were effective [24]. In another study, conclusions
drawn from the results indicated notable differences in weight among
the samples, with infill density emerging as the most critical parameter
for weight variation [29].

Fig. 3 shows the signal-to-noise (S/N) ratio for each experimental
parameter. Each graph shows notable variations, highlighting the sig-
nificant impact of selected parameters and their levels on weight. The
best parameters identified are A3, B; and C;. The P value and percentage
effect indicating the significance level of each factor were determined
using ANOVA analysis as listed in Table 2. The parameters, i.e., A
(nozzle temperature) and B (3D printing speed), exhibited P values less
than 0.05, indicating a significant level of significance. In contrast,
parameter C (heat treatment time) had a P value of 0.058, corresponding
to a significance level of 8.69%. The effect of nozzle temperature was
calculated as 50.25%, 3D printing speed as 40.52% and heat treatment
time as 8.69%. Experimental error was measured as 0.54%. The
regression model showed robust prediction accuracy for the experi-
mental data with an R-squared value of 99.46%.

The optimal parameter, which was not in the Lg experimental design
table, was estimated using the full factorial experimental design table.
According to the estimation, the experiment closest to the expected
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Fig. 5. Stress-strain curves for samples.

weight is experiment A3B,C; (14th experiment), with a calculated value
0f 9.99 g. It has been determined that the deviation of this value from the
expected weight is 3.38%. The weights obtained from the estimation are
provided in Fig. 4. In the study’s characterization step, the products’
mechanical properties were examined. Stress-strain graphs obtained
from the tensile testing process are provided in Fig. 5. Young’s modulus,
tensile strength, and elongation have been calculated and are presented
in Figs. 6 and 7, respectively.

According to the results of weight training, Young modulus and
tensile strength values reached their maximum in the 7th experiment.
This shows that there is a significant correlation between weight and
mechanical properties, which are vital for printing performance. In
terms of percentage elongation at break, it was seen that the highest
value occurred in the 1st experiment and the lowest value occurred in
the 9th experiment. The optimization of present work was made based
on tensile strength values with parallel evaluations. Initially, Taguchi
analysis was conducted using a “higher is better’ approach. After anal-
ysis, S/N ratios were calculated for each experiment and effect graphs
were drawn. A graphical representation of the results can be found in
Fig. 8 and 9. As seen from the graph, the optimal production parameters
for tensile strength value are determined to be A3B;Cy. The graph also
indicates that the nozzle temperature (parameter A) has the most sig-
nificant impact on the outcome, followed by printing speed (parameter
B), while heat treatment time (parameter C) has the least effect. ANOVA
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Fig. 7. The change of Young’s modulus as per experiment number.

analysis was also conducted for the Tensile Strength. According to the
results of the ANOVA study, the error value in the experiment is 4.31%.
The most significant effect is attributed to parameter A (49.94%), fol-
lowed by parameter B (41.35%) and parameter C (4.40%). The P-values
indicate that the significance levels for parameters A, B and C are 0.079,
0.094 and 0.494, respectively. The generated model has an R? value of
95.69%, indicating that the model is highly accurate in predicting
outcomes.

In this study, the model was developed using a full factorial experi-
mental design based on 27 experiments. Fig. 10 displays the predicted
tensile strength values. The highest tensile strength is observed for the
parameter combination A3B;Co, followed by A3B;Cs. While the combi-
nation AgB; remains consistent, the third parameter, C (heat treatment
time), shows minimal impact on the tensile strength. The specific levels
of heat treatment time tested did not yield a significant effect. Conse-
quently, further investigations are required to assess the influence of
varying heat treatment temperatures and durations.

Fig. 11 depicts the damage states of the samples following tensile
testing, revealing that all samples exhibited brittle fracture character-
istics. SEM images from experiment No. 1, shown at varying magnifi-
cations in Fig. 12, illustrate both fractured and intact surfaces. Analysis
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indicated that the observed damage is mainly due to the detachment and
rupture of carbon fibers from the Nylon6 matrix and the subsequent
separation of the matrix material. Usually, Nylon6 presents a tensile
strength and an elongation at break of approximately 55 MPa and 100%,
respectively [17]. The incorporation of 15% discontinuous carbon fibers
increases the tensile strength to 116 MPa but reduces the elongation to
1.78%, highlighting a substantial improvement in tensile stiffness and
strength.

Comparative studies from the literature report that continuous car-
bon fiber reinforcement achieves a tensile strength of 700 MPa with
1.2% elongation [21], whereas specimens reinforced with 12.8%
chopped carbon fibers yielded a tensile strength of approximately 55
MPa [16]. Manufacturer data for longitudinally woven filaments indi-
cate a tensile strength of 103.2 MPa with 1.8% elongation. A detailed
examination of these studies suggests that continuous carbon fiber
reinforcement substantially enhances tensile strength, although the
improvement is less pronounced in products reinforced with chopped
fibers. From a production standpoint, filaments reinforced with chopped
fibers offer greater convenience for filament production and product
fabrication. The current study demonstrates that by optimizing pro-
duction parameters, the resulting product can significantly surpass the
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specified mechanical properties.

In conclusion, when evaluated in terms of both weight and tensile
strength, parameter A3B;C, was selected for production. Fracture me-
chanics were analyzed at the final characterization stage. Accordingly,
after the tensile tests performed to examine the mechanical properties of
the samples, SEM images were taken at different magnifications
perpendicular to the fracture surfaces of the composite samples in order
to perform damage analysis. The effects of carbon fiber reinforcement in
terms of mechanical properties and damage development on Nylon6
matrix samples were examined and damage modes were determined. As
a result of the damage analysis, it was seen that the different toughening
mechanisms created by the carbon fiber reinforcement in the samples
affected the damage development. In addition, damage modes such as
ductile fracture surfaces, brittle fracture surfaces, macro and micro
matrix cracks, matrix fibrillation, debonding and pull-out were identi-
fied and interpreted.

SEM images of the samples are given in Fig. 12. When SEM images
are examined, it is seen that multiple macro and micro cracks are
formed. Additionally, these cracks extended into the sample and a rough
fracture surface was formed. This situation positively affected the
damage development mechanisms and caused the strength and
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toughness of the material to increase. However, gradual crack damage
occurred and debonding and pull-out damage was observed in the fibers
in this crack area. In addition, matrix fibrillation on broken surfaces due
to the effect of intense shear stress and plastic deformation on damaged
surfaces is noteworthy. When the SEM images were examined in detail,
it was determined that a good interface was formed between the fiber
and matrix components as a result of the thermoplastic fibers containing
chopped fibers melting and solidifying again under the influence of
temperature. While no secondary breakage damage occurred in the
clipped fibers on the damage surfaces, intense fiber pull-out damage was
observed on the breakage surfaces.

In this study, Keyence digital optical microscope was employed in
order to examine the surfaces of the samples. Measurements were sys-
tematically taken and recorded from consistent regions in all samples.
Initial analyzes focused on transition points between layers, and 3D
surface topography images were captured to visualize these areas. An
example of 3D surface topography and optical microscope surface im-
ages is shown in Fig. 13. The surface roughness values obtained from
nine experiments are shown in Fig. 14.

Based on the results presented in Fig. 14, the highest surface
roughness value was observed in the 9th experiment. This means the
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Fig. 10. Estimated tensile strength values.

Fig. 11. Fracture behavior of samples subjected to tensile testing.

parameter set with a nozzle temperature of 280 °C, 3D printing speed of
80 mm/s, and thermal treatment duration of 20 min. On the other hand,
the lowest surface roughness was obtained in the 2nd experiment, where
a nozzle temperature of 240 °C, 3D printing speed of 55 mm/s, and
thermal treatment duration of 20 min were used. Contrary to the values
of weight and tensile strength, as seen from the table and values, me-
dium values of 3D printing speed and high printing temperature resulted
in better surface roughness.

The S/N ratios were computed to obtain the optimum parameter
combination and evaluate their impact on surface roughness. These
ratios were subsequently handled to create effect graphs, as drawn in
Fig. 15. As consistent with previous observations, nozzle temperature
exhibited the most substantial impact on surface roughness, followed by
3D printing speed and heat treatment time which has a negligible effect.
Unlike the effect graphs for weight and tensile strength, where param-
eter B provided the maximum S/N ratio at the first level, it provided the
maximum S/N ratio for surface roughness at the second level. This
suggests that a 3D printing speed of 55 mm/s results in superior surface
roughness.

Based on the S/N ratios obtained in this study, the optimal
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parameters for minimizing surface roughness were determined to be
A1B,C3. The ANOVA analysis results presented in Table 2, which follow
the surface roughness data derived from the effect graph, show that the
P-values for parameters A and B are less than 0.05, indicating statisti-
cally significant effects. Conversely, parameter C has a P-value of 0.274,
consistent with the effect graphs, indicating a low level of significance.
When the impacts are expressed as percentages, parameter A accounts
for the highest influence at 53.1%, parameter B follows with 41.23%,
and parameter C has the least impact at 4.12%. Experimental error has a
negligible percentage effect of 1.55%.

Initially, the experimental work required 27 full factorial experi-
ments. However, to simplify the process, the experimental load was
reduced to one-third of the original by using the Lg orthogonal array.
After analysis and optimization, mathematical modeling predicted the
results of 27 experiments, as shown in Fig. 16. Accordingly, Fig. 16
shows that the optimum parameter combination (A;B>C3) achieves the
minimum surface roughness value of 53.09 pm.
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Fig. 13. a) 3D surface topography and b) optical image of the sample obtained in experiment No. 1.
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3.2. Generative Design and fabrication of industrial robot gripper

The present study comprises two distinct parts. The first part focuses
on investigating and optimizing the production parameters of a mate-
rial. In the second part, a robot gripper intended for industrial applica-
tions was developed. These grippers are specifically designed for
particular workpieces in automation systems and are typically produced
in small batches due to their specialized nature. Generally, these grip-
pers have been designed via conventional 3D design methodologies and
manufactured using metal forming and/or machining processes [30].
However, thanks to the advancement of design manufacturing tech-
nologies as well as manufacturing processes, there is a growing need to
adopt alternative approaches that are more cost-effective, utilize less
material, and offer enhanced design capabilities [31,32]. To address this
need, this study developed gripper designs for industrial robots based on
the principles of Generative Design. Following the design phase, the
grippers were manufactured using carbon fiber-reinforced nylon which
is a next-generation material, and then, they were tested in a specially
designed test setup.

In this work, Autodesk Fusion 360 software was used in the Gener-
ative Design stage. First, the existing gripper 3D model was designed and
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dimensioned as can be seen in Fig. 17. As illustrated in the figure, the
carrying capacity of a product with the given dimensions is 150 N.

In the Generative Design process, the initial step involves identifying
the fixed regions where the structure will interface with external ele-
ments. In present work, areas highlighted in red were designated as
fixed, indicating the regions where the gripper will secure the part.
Similarly, the areas marked in green were also treated as fixed points, as
they will be used for screw connections. All other areas were considered
adaptable and subject to optimization. Then, FDM was selected as the
production method. The primary objective of the study is to minimize
the mass of the gripper while ensuring a safety factor of 2. The optimized
material parameters obtained from the preceding section were utilized
as the basis for determining the safety factor. Stress analysis was con-
ducted using the Von Mises stress criterion (refer to Fig. 18), as defined
by the corresponding formula.

Autodesk Fusion 360 software, equipped with an artificial
intelligence-based Generative Design module, has generated various
geometries based on constraints and materials. Eight different geometry
alternatives have been produced, as shown in Fig. 19.

The obtained geometries and the initial model were planned for
production using Ultimaker Cura software with 15% carbon fiber
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Fig. 17. Available gripper model and its dimensions.

reinforced Nylon6 material and pure Nylon6. The production planning
was carefully executed with optimal parameters (A3B;Cy), which was
identified as the most favorable in the previous section based on the
experimental results, to ensure successful manufacture. Following pro-
duction, they were subjected to compression testing using a specialized
fixture as shown in Fig. S2. Upon examination of the resulting images,
brittle fracture was observed in the structures once again.

The loading-displacement graph obtained from the test results is
provided in Fig. 20. Here, the condition of 1 mm displacement and 1.2
safety factor with aload of 180 N is indicated. In addition, samples 5 and
7 were removed from the test because products could not be obtained in
accordance with the design. As seen in Fig. 20, product number 8 fails to
meet the design criteria, while the other products meet them. However,
product number 9, with full geometric dimensions, provides a load of
177.50 N for 1 mm displacement, which is at the limit. Upon further
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examination of the figure, it can be observed that product number 9 has
high strength.

Following a thorough force analysis of the products and original
item, it is observed that products 1, 3, and 4 are the most appropriate
choices in terms of load. A company was tasked with providing cost
analyses for 1000 units to pinpoint the most advantageous option. Upon
reviewing the results, it has been determined that product number 1 is
the most optimal choice, considering production time and weight as
illustrated in Table 3. Furthermore, it has been observed that it meets the
safety factor of 1.2 for carrying force.

Upon examining the table, it is found that while the production cost
of product number 1 is $1.5, the original part costs $5.16, resulting in a
difference of $3.66 per unit. When evaluating the results over 1000
units, the total difference amounts to $3660. Considering the 10g ma-
terial difference between the original part and product number 1, a
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material saving of 10,000 g is achieved. This study emphasizes the
importance of product development and manufacturing within a scien-
tific framework. It provides an advantage in sustainability due to min-
imum material waste at the end of this process. This proposed systematic
approach will attain significant gains for a sustainable world.

4. Conclusions

This study presents a systematic approach incorporating scientific
and practical methodologies for the development of industrial products,
supported by a practical case study of gripper design for an industrial
robot. At the beginning of the study, it focused on optimizing the pro-
duction parameters for carbon fiber-reinforced Nylon6, including nozzle
temperature, 3D printing speed, and heat treatment time. Key outputs i.
e., weight, tensile strength, elongation, elastic modulus, and surface
roughness were considered to identify the optimal production levels.
The results indicated that the tensile strength increased from 103.2 to
116 MPa which is a notable enhancement of 12.40% attributable to the
optimization of production parameters. Similar advancements were
observed in other measured properties.

In the second step, this work applied the optimized parameters in an
industrial context, utilizing a Generative Design approach to refine the
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gripper’s design. Eight different alternative geometries were generated
in addition to the original design, using the mechanical properties
derived from the optimized parameters as benchmarks. Then, the ge-
ometries were subjected to compression tests, and the observed results
were analyzed with a focus on production cost, leading to the selection
of the final design. Thanks to optimal design, a significant reduction in
material usage, lowering the weight from 14 to 4 g was achieved. In
addition, this reduction not only decreased the production cost from
$5.16 to $1.50 but also reduced the production time from 58 to 28 min.
This means that cost and production time are reduced by approximately
71% and 52%, respectively. Therefore, the result is important in terms of
sustainability and cost effectiveness, as well as meeting the requirements
for load carrying capacity and production efficiency.

In this investigation, the proposed methodology can be guide in
achieving critical advantages for new product developments. On the
other hand, further studies focusing on the development of new com-
posite materials with varying compositions and additives are needed to
further advance. To characterize new materials, parameters such as
layer height and other design and manufacturing factors should be taken
into account. Lastly, research on interlayer shear stress is also needed to
improve the performance and reliability of additively manufactured
components, especially in products subjected to torque and shear forces.
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