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Abstract: Current 3D printing processes for polymer material extrusion are limited in their accuracy
in terms of dimension, form, and position. For precise results, post-processing is recommended, like
with assembled parts such as pistons and cylinders wherein axial mobility is desired with low friction
force and limited radial play. When no post-processing step of the printed parts is accomplished, the
fit and the friction force behavior are strongly dependent on the process performances. This paper
presents a study on parameters of significance and their effects on sliding and running fits as well
as their friction forces for fused filament fabrication of such assemblies. A series of experiments
were performed with multiple factors and levels, including the position or layout of printed objects,
their layer thickness, the material used, the use of aligned or random seam, and the printer type.
Piston—cylinder pairs were printed, measured, assembled, and tested using a tensile test frame. A
mathematical model was developed to describe the oscillating friction force behavior observed. This
study presents the feasibility and limitations of producing piston—cylinder assemblies with reduced
play and friction when using appropriate conditions. It also provides recommendations to obtain
and better control a desired running and sliding fit.

Keywords: 3D printing; fused filament fabrication; fused deposition modeling; piston—cylinder
assembly play; running and sliding fits; friction forces; mathematical model

1. Introduction

Fused filament fabrication (FFF 3D printing), also known as fused deposition modeling
or FDM, has become a popular additive manufacturing method for the rapid and low-cost
fabrication of polymer mechanical parts and mechanisms [1,2]. It simplifies prototyping, as
well as personalized and small series manufacturing. The process of 3D printing allows for
open-access development or efficient distributed manufacturing approaches (also called
decentralized manufacturing) [3-5]. It opened the way for a new method of product
distribution for local manufacturing of parts based on validated digital models found in
online repositories. As a result, increased sustainability of industrial activity is expected
considering the reduced need for product transportation and the possibility to use recycled
polymers for the needed printer consumables [4,6-9]. Many FFF 3D printers have been
developed and are distributed commercially or via open-source methods [5,9-13]. Their
performance in terms of dimensional precision for the printed parts is generally expected
to be proportional with the cost of the printer, resulting from the use of positioning systems
(motors, sensors, mechanical parts, hardware, and software) with higher resolution and
precision. The challenge for such technology is to increase the ratio of quality of the printed
parts over the printer and manufacturing costs.

FFF 3D printers typically use polymer-based filaments extruded at a controlled tem-
perature and flow rate to form objects for various uses, from decorations and toy figurines
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to replacement parts or useful basic objects (e.g., smartphone holders and casings) [14-16],
as well as medical devices [17,18]. The quality of the obtained printed parts regarding
their geometrical and process parameters is critical. It has been therefore extensively
studied in recent years [2,19-23]. Friction coefficients of such printed materials are also
studied [24-29]. Motion functions of FFF 3D-printed mechanical parts with tight tolerance
and fit requirements are key to allowing quality manufacturing of more sophisticated
object designs [19,25,30]. Recent works have improved the quality of 3D-printed polymer
mechanical components, through advanced design tools [31] or filament materials [32,33].
The 3D-printed piston—cylinder pairs are desirable for applications such as low-cost linear
pneumatic actuators [34,35] and other applications where relative sliding motion is desired
at lower cost than the traditional manufacturing process (i.e., for metal piston—cylinder
pairs). This topic is being discussed in online blogs, showing the public’s interest in this
mechanical function [36-39].

The goal of this paper is to address a lack of rigorous analysis of such devices. We
present here a study on the influence of FFF 3D printing process parameters on the running
and sliding fit of a piston—cylinder assembly and on their coaxial relative motion. The
novelty in this study is the focus on the precision of a relative value (i.e., the allowance
between two objects to be assembled) instead of the precision of absolute values to obtain
the desired fits. Figure 1 lists in a non-exhaustive manner the main parameters possibly
influencing the FFF 3D manufacturing process to control such fits. The following parameters
are included in this study: FFF printer quality, material, position on the print bed or build
plate, layer thickness, and seam position (the location where the printer head starts each
new layer). Other parameters like printing speed, extrusion temperature, and infill density
were set according to the manufacturer default settings for optimal results.

FFF printer Print
built preparation
of \ Machine brand and \
model Part position on plate

\ Height of piston and cylinder Motor precision

\ Targeted fit

\ Calculation power  \
\ Parts layout on the plate

\Nozzle size
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Figure 1. Schematic fishbone diagram showing the main cause—effects parameters of an FFF-based
3D printing process to achieve the desired running and sliding fits.

Typically, when speaking of piston—cylinder assemblies, or shaft-hole pairs, the fit and
tolerance levels can be defined based on the desired application. For classical machining
processes of such assemblies (with limited surface imperfections), international standards,
such as the ANSI B4.1 or the ISO 286-1 standards, precisely define the required tolerances for
each type of fit [Ref ANSI, Ref. ISO]. The ANSI terminology was used in this study. Running
or sliding (RC) fits with a significant difference between shaft and hole diameters are
required for applications where the piston needs to slide axially in the cylinder. Locational
fits (LC) require similar shaft and hole diameters for precise radial positioning, and force or
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shrink (FN) fits are those where the shaft diameter is larger than the hole diameter and must
be forced into a semipermanent connection. Due to the non-negligible surface imperfections
of FFF 3D-printed parts (i.e., coarse tolerances and irregular surfaces caused by systematic
and random errors), these standards are not straightforward to apply. A desired fit with
corresponding allowance is still difficult to achieve. A precise understanding of the limits
of this manufacturing process is needed to obtain the most possible reliable sliding and
running function. The two main questions addressed in this article are as follows:

e How well can an allowance for sliding and running fit be controlled despite the fol-
lowing factors: imprecision of FFF printers, position on build plate, layer thicknesses,
and choice of materials?

e  Considering specific allowances for sliding and running fit, what kind of friction
can be expected from FFF 3D-printed assemblies, and what are the effects of layer
thickness and seam type?

Bearing in mind the number of factors, to answer these questions, this work focused
on the process parameters of influence rather than on an exhaustive comparative study.

2. Materials and Methods
2.1. Equipment

This study used 3 common FFF 3D printers at different price points. The main FFF
3D printer used for this study is a mid-range X1-Carbon 3D Printer equipped with an
automatic material system from Bambu Lab (Shenzhen Tuozhu Technology Co., Ltd.,
Shenzhen, China). Two additional printers were used for comparison: a high-end F170 3D
printer from Stratasys (Stratasys Ltd., Eden Prairie, MN, USA), and a low-cost Original
Prusa Mini from Prusa Research (Prusa Research a.s., Prague, Czech Republic). For the
coherence of the performance comparison, these 3 printers used similar nozzle diameters
(0.4 mm for both Bambu Lab and PRUSA, and 0.38 mm for Stratasys).

A digital micrometer from Mitutoyo (MI-293-721-30) and an electronic caliper from
Fowler-Sylvac (SKU: 541001000) both with 0.001 mm resolution were used for dimensional
measurements of the 3D-printed parts (wall thicknesses and piston diameters, respectively).
A bore gage was used in connection with the digital micrometer for precise measurement
of the cylinder holes.

Surface quality images of printed parts were acquired using a Keyence VHX 7000 dig-
ital stereomicroscope (Keyence Corp., Osaka, Japan). This system allows for automatic
digital image processing using a focus-stacking 3D depth composition method for quantita-
tive profile analysis from its embedded software.

Force measurements for the motion of the piston in the cylinder were performed using
a 1kip Mini Tensile Tester from Instron. The test parts were attached to the instrument vise
using a specifically designed fixture holding the bases of the tested parts.

Minitab 22.1.0 (Minitab, LLC, State College, PA, USA), a software for statistical analysis
of variance (ANOVA) calculation, was used to analyze a part of the data to determine the
significance of various factors, including printer type, material, print orientation, day of
printing, and target part thickness.

2.2. Dimensional Control

To study the allowance, the resulting fits, and the friction of 3D-printed parts, the
printers’ performance—first for small thickness variations, then for circularity of cylindrical
parts—needed to be assessed. Such information is generally not found in the manufacturer
specifications. For this purpose, two different test geometries were designed: first with a
specifically longitudinal wall design, and secondly with cylindrical parts to be assembled.
The relation between these two test geometries was also examined. Except when indicated,
the layer thickness used to print all parts was 0.20 mm.
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2.2.1. Wall Structures
The first tests comprised wall structures made of 11 linear adjacent walls with thick-
nesses increasing from 2.0 mm to 2.1 mm with 10 mm steps. To verify the potential
dependance to the printing direction, this test part was printed along 3 different directions
in the same run: along the X-axis or at 0 DEG, along its perpendicular Y-axis or at 90 DEG,
and at 45 DEG (see Figure 2a). These dimensions were chosen to test the built-in motions
system of the nozzle printhead considering the tolerances needed for a given type of fit.
In general, the printhead motion in the X or Y directions requires the control of the corre-
sponding X or Y motor, respectively. Moving the printhead in any other direction is more
challenging in terms of position control, since it requires the simultaneous precise motion
of both motors. The exact printhead motions used for the extruded filament deposition are
shown in Tables A1 and A2 (Appendix A). They reflect the slicer generated G-codes for the
three printers used. The wall thicknesses are controlled by the number of parallel melted
filaments extruded, as well as by the control of their deposited width that depends on the
extrusion parameters (“flow rate”/”tool head movement speed” ratio) [40]. These test
structures highlighted the printers’ performances for such controls. For statistical purposes,
each group of test parts was printed three times, each on a different day. Each thickness
was measured three times. Their averages and standard deviations were then calculated

from the results.
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Figure 2. Schematic views (a) of the wall structures to study 3D printers’ resolution with small changes
of wall thickness; (b) of piston—cylinder parts, for which circularity, dimensions, and assembly were
studied; and (c) of the parts layout on the printer bed used to study the influence of the position on

fits performances.

2.2.2. Cylinders and Pistons to Be Assembled
The second series of tests were based on a set of two cylindrical parts consisting of
a cylinder and a piston (see Figure 2b). The cylinder piece was made of a cylindrical
tube with a nominal inner diameter of 20 mm and outer diameter of 30 mm on top of a
50 mm diameter disc-shaped base that was 5 mm thick. The piston contained a shaft with a
nominal diameter of 20 mm, on top of a base similar to the cylinder. These bases were used
to facilitate testing, especially to avoid unwanted attachment stress transmission, thereby
changing the studied clearance during the tensile tests. Marks were placed on top of the
parts and on the edge of their base to identify the radial X and Y axes at 90 DEG, as well
as the diagonal direction at 45 DEG. The measurements were taken three times in each of
these three directions at about half-way up the part. The averages and standard deviations
of the measurements were then calculated from the results. The design of the cylinder
included a small hole through the base to allow the air to evacuate when a piston moved in
a cylinder. This avoided a pressure increase that could have caused possible measurement
errors. The paths and in-fill patterns used for these parts are shown in Table A3.
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2.2.3. Choice of Filament Material

PLA and ABS filaments were used with the Bambu Lab printer. Only ABS was used
with the Stratasys printer, and only PLA was used with the Prusa printer. With the Bambu
Lab printer, two colors and types of PLA filaments were used: PLA Basic in Bambu green
and PLA Matte in lilac purple from the same company. These materials were chosen
because they are commonly used across many types of FFF 3D printers.

2.2.4. Position on the Build Plate

This study examined how the positioning of parts on the build plate affected the fit
between the resulting cylinder and piston assembly. This was done by printing on the
Bambu Lab build plate, as illustrated in Figure 2c, with the design of alternating 20.000 mm
inner diameter cylinders and 19.960 mm diameter pistons in a 4 x 4 matrix layout, for a
target fit allowance of 40 mm. Three series were printed on different days using Bambu
green PLA Basic filament. Dimensional measurements were performed on all parts. The
resulting friction of their assemblies was studied with the tensile tester.

2.3. Friction of Running and Sliding Fit Types

Piston—cylinder assemblies were tested in the tensile tester, and the friction force was
measured with a 500 N load cell and a 6 ms sampling rate. The assemblies were held in
the vise jaws with custom-built holders (see Figure 3), and the piston—cylinder relative
angular position was kept alike. The tensile tester then completed an initial phase of
pushing the piston down 5 mm and then completing four test iterations in a cyclic manner
by further pushing the piston down 10 mm and pulling it back up 10 mm. Each iteration
had a different speed: 1.0, 2.5, 5.0, and 10.0 mm/s. The data, saved in a .csv format, were
analyzed with Microsoft Excel.

Figure 3. Photographic view of the piston—cylinder assembly with the fixture adapters during tensile
testing to measure the friction force as a function of displacement.

2.4. Other Influences
2.4.1. Layer Thickness

A significant parameter to be set for the FFF 3D printing process is the choice of
layer thickness. This parameter will determine the print time needed for a given part in
a practically proportional manner. It will also affect the appearance and the smoothness
of the part surfaces. The influence of this parameter on the inner and outer diameters of
the cylinder and the piston, respectively, as well as on the resulting clearance and friction
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behavior, was studied—with three pairs of parts to be assembled—of 0.28 mm, 0.20 mm,
0.15 mm, and 0.10 mm layer thicknesses. Each part’s position in each batch was kept
identical to prevent influences caused by the printing position on the build plate.

2.4.2. Seam Type

Most parts were printed with an aligned seam type, as this is commonly chosen in
FFF 3D printing. However, to observe the effect of a random seam type on fit and friction,
a series of three pairs of cylinders and pistons was printed with both types of seams. They
were printed at the same position on the build plate.

2.4.3. Piston-Cylinder Relative Angular Position

Because of circularity errors, the influence of the relative angular position of the piston
in the cylinder on the friction forces was investigated. For this purpose, the geometrical
parameters and the resulting friction behaviors of three assemblies with different fits were
measured at three different relative angular positions: 0 DEG (the relative angle used by
default in this paper), 45 DEG, and 90 DEG.

2.5. Mathematical Model of Friction Force

A simple mathematical model of the friction force as a function of displacement for
FFF 3D-printed cylinder and piston assemblies was developed to better study, describe,
and discuss the observed phenomena.

Figure 4 illustrates the elementary contribution of one contact point to the overall
friction phenomena. It is approximated to a tiny local protuberance, at the surface of the
piston (e.g., caused by the seam), that is strained in the inner diameter of the cylinder and
is put under stress. The friction force Fy of this elementary contribution can be expressed
with the following formulas in its general and local forms, respectively:

T
with u being the coefficient of friction depending on the materials involved, Fy the normal
force applied, T the tangential (shear) stress, and p the normal pressure resulting from Fy
spread over that surface.

Figure 4. Schematic illustration of the basic considerations used for the concept model development
of friction force as a function of the displacement.

Hooke’s law, describing the Young’s modulus E as the proportional coefficient between
stress o and strain ¢ (or the proportional length change Al/l), was simplified, considering
the unknows and the numerous elementary contributions to be expected all around the
piston surface, as described in the following expression with half of its diameter D:

Al Al
= —.E

o=¢E i _Di/Z
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Stress and pressure were considered as identical in this context, where the tangential
stress is written as the ratio of the friction force divided by the area of the elementary point
of contact A, as expressed below:

F

Considering these equations, the friction coefficient was calculated as follows:

Ff Ffl Ff’D/Z

W= A ¢E  A-ME  A,-AE

The elementary friction force contribution was expressed as follows:
Fr = 2 Ac-Al-E
f=H D ¢

The total friction force or the sum of all elementary friction force contributions was
expressed as follows:

2 2 .
Ff,total = ZFf == ﬂ’B'AZ'E'Ac,total = }lBAZEnDsz(Z,Z)

where A, 4,1, is the total contact area, or the part of the area of the piston overlayed with
the cylinder with active contact, and k. is the contact coefficient, herein a function of the
position z and the piston speed z relative to the stationary cylinder. This dependance of
k. to position and speed seeks to consider in a simple form (1) the effect of alternating
peaks and valleys of the surfaces in contact and (2) the dynamic phenomenon related to the
viscoelastic properties of polymer materials [41,42] possibly combined with local squeeze
film effects [43,44]. z is the axial displacement of the piston inside the cylinder with the
reference position at the initial insertion point. The equation can be simplified and rewritten
in the following form, reflecting the friction force law:

Ff,totul = p-21-E-Al-kc (Z,Z) -2 = W-ENapparent
with Fnapparent being the total apparent normal force on the overlapping area:
Fapparent = 270-E-Al-ke (2, 2) 2

To consider the periodic nature of the contact coefficient reflecting the expected higher
and lower friction force when the layer undulations of the assembled cylinder and piston
are aligned or not aligned, respectively, k. (z, Z) is expressed as

ke(zz) = Ke- <1 + B(z)-cos(2m- 4 (,0)>

layer

As suggested above, speed was considered in the model as a factor influencing the
number of active points of contact. ke, expresses the nominal contact coefficient, and B (z)
is the amplitude of oscillations that depends on the displacement speed of the piston inside
the cylinder. hy,,, is the layer thickness of the printed part, and ¢ is the phase shift.

This model was adjusted manually to match the experimental measurements as best as
possible with the corresponding calculated signals. Three useful parameters were extracted
from the model for the comparison of friction forces: the slope of the apparent normal
force per unit of overlay distance s = 277-E-Al-k, the maximal baseline friction force



J. Manuf. Mater. Process. 2024, 8, 249

8 of 26

Fy, total, base—max = W'S-Zmax, and Ff total, oscil—max @S the maximal oscillating amplitude of
Ff, tota at the maximal depth in the compression cycle:

Ff,total, oscil—max — Ff, total, base—max B(Z)

In the model, the Young’s modulus E and friction coefficient y used for PLA were
3.5 GPa and 0.25, respectively [25]. The nominal diameter D used was 2-10~2 m. For each
fit, the value of Al was extrapolated from the apparent clearance obtained empirically with
the different fits, from loose running (Al = 0) to locational clearance (Al > 0). B(z) was
determined empirically from the measurement at four different speeds. k. was unknown
and was used as the main adjustment parameters in the model, once the values B(z)
were established.

Assumptions and Limitations of the Model

This model was developed using Hooke’s law, which assumes that the stress is pro-
portional to the deformation (¢ = E-¢), which corresponds to a model with a purely elastic
behavior (similar to common spring theorems F = k-Ax). This approximation is valid for
small deformations, such as those that occur at the contact points between the pistons and
cylinders. Additionally, we assumed that the materials are anisotropic and homogeneous
and that the cylinder is stationary and rigid, allowing us to calculate the deformation and
motion of the piston. This analytical model considered the ideal cylindricity of the tested
parts. These assumptions allow for the model to represent the friction force during sliding
but do not provide exact deformation and stress calculations between the two rigid bodies.
To improve the accuracy of the model in future iterations, one should refine the model by
adding a dashpot in parallel to the elastic element to consider viscoelastic behavior of the
polymers using, e.g., the Kelvin—Voigt model [45].

3. Results and Discussion
3.1. Assessment of Main Printer Performances for Geometrical Compliance
3.1.1. Resulting Thicknesses of Wall Test Structures

Minitab statistical software was used to create a general linear model and perform
multi-factor analysis of variance (ANOVA) statistical tests on the results of the wall thick-
ness measurements. Factors included in the ANOVA include the target value of each wall
segment, the printing orientation, and the day of printing (3 consecutive days). ANOVA
was performed for each individual printer/material combination and again for all mea-
surements, adding the material and printer as additional factors. All main effects plots and
interaction plots for the ANOVA tests are included in the Supplementary Information as
Figures 51-510. Additionally, Figure 5 shows interaction plots of the mean wall thickness
for each target thickness level for different printers and materials. From Figure 5, we
observe that the Prusa printer resulted in the largest spread in wall thickness measurements
and different thickness values due to the print orientation (p = 0.001 between 0 and 45 DEG;
p = 0.064 between 45 and 90 DEG). There was a significant effect of the printing day for
the Bambu Lab printer with ABS material, as the mean thickness values of day 2 were
always lower than the other days (p < 0.001 for all 3 days). Also, the 45 DEG orientation
for the Bambu Lab printer with PLA material appeared to always result in a smaller mean
thickness than the other orientations, indicating a significant interaction (p < 0.001 between
0 and 45 DEG and between 45 and 90 DEG). The Stratasys printer showed little difference
in any target thickness values between 2000 and 2080 mm, as well as significantly smaller
thickness values for 45 DEG, compared to the other orientations (p < 0.001 between 0 and
45 DEG and between 45 and 90 DEG).

Figure 6 shows interaction plots between target thickness and printer type (a) and
between target value and print orientation (b) for all thickness measurements combined.
The choice of printer type was found significant with 95% confidence intervals regarding
the precision and the accuracy of the obtained thicknesses. We see that the Bambu Lab
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printer showed a much more repeatable increase in wall thickness with increasing target
thickness compared to the other printer types. All wall thicknesses were printed with the
same number of passes, so this indicates that the Bambu Lab printer had more precise
control over additional parameters that affect the thickness (such as extrusion speed and
nozzle speed) than the other printers. We also observed that the 45 DEG printing orientation
was generally thinner and the 90 DEG orientation had a less predictable increase in wall
thickness than the other orientations. This is likely due to the different path of the print
nozzle at the 45 DEG orientation compared to the other orientations (see Appendix A).

2300 Target [um] - Day Target [um] - Day Target[um] - Day Target[um] - Day
(a) Bambu Lab ABS (b) stratasys ABS c) Bambu Lab PLA d) PRUSAPLA -
2200
2100 | -2 + -
—_ L
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Target wall thickness [um] Target wall thickness [um] Target wall thickness [um] Target wall thickness [um]
Figure 5. Graphs of experimental results showing the interactions between target thickness—expected

2200

to vary incrementally from 2.0 mm to 2.1 mm in regular steps—and printing day (top), and between
target thickness and print orientation (bottom), for Bambu Lab ABS (a), Stratasys ABS (b), Bambu
Lab PLA (c), and Prusa PLA (d).

2200

(a)

2140

2080

2020

1960

Mean of obtained thicknesses [um]

1900

* Printer (b) Orientation
P —e— Bambu —— 0
7N —B— Prusa - 45
7 \ -9 - Stratasys 2140 -o- 90

2080

2020

1960

Mean of obtained thicknesses [um]

1900.

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Target wall thickness [um]

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Target wall thickness [um]

Figure 6. Results of data analysis from experimental measurements: Interaction plots for all printers
and materials combined, showing the interaction between target thickness—expected to vary incre-
mentally from 2.0 mm to 2.1 mm in regular steps—and printer type (a), and between target thickness
and print orientation (b).

We also observed that the first (2000 pm) and last (2100 um) target wall thicknesses on
each sample tended to have greater variation from the rest of the wall thickness measure-
ments. This was likely due to the path of the print head switching directions and turning
around as it reached the end of the part. In the following sections, the end wall thicknesses
are excluded from the analysis.
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Orientation

3.1.2. Resulting Thickness Differences of Wall Test Structure

For FFF 3D-printed parts to be assembled with a sliding or running function, the
relative dimensional geometric values are more pertinent than their absolute values. To
study the printers” ability to maintain a constant fit between two parts, we analyzed wall
test structures with designed thickness differences. Along with the ANOVA results of
measured wall thickness, the measured difference between walls (mimicking a relative
distance or a clearance between two surfaces) that were nominally 50 pm different were
calculated (i.e., the clearance between 2090 and 2040 mm and between 2060 and 2010 mm
target wall thicknesses). Tukey pairwise comparisons were conducted to evaluate the
statistical significance of the differences between mean clearance values measured with
different factor levels.

Figure 7 shows the 95% confidence intervals of the difference of the means. In this
test, if the confidence intervals include the 0 value, there is no significant difference (95%
confidence) between the factor levels in question. From Figure 7, we see that there was
a significant difference based on the printing day only for the Prusa printer with PLA
material, where day 1 was different from the other two days. All other printers and
materials were not significantly different from each other, indicating that in most instances,
3D printers are repeatable from day to day in similar environmental conditions. We also
see that the 45 DEG orientation was significantly different from the other orientations for
the Stratasys printer with ABS material. The 90 DEG orientation was different from the
other orientations for the Bambu Lab printer with ABS material. For the Bambu Lab printer
with PLA and the Prusa printer with PLA, all three print orientations were significantly
different from each other. This indicates that the print orientation is a significant factor
that cannot be ignored when considering the accuracy, precision, and relative clearance
dimensions of FFF 3D-printed parts. The ranges of the confidence intervals for Bambu
Lab were very small (~12 mm ABS, ~9 mm PLA), but were much larger for the PRUSA
(~60 mm) and Stratasys (~73 mm). This showed a higher repeatability of results for the
Bambu Lab printer.

45-0

90-0

90 — 45

(a) Bambu Lab ABS (b) Stratasys ABS (c) Bambu Lab PLA (d) PRUSAPLA
- —— H —
ol = il fF——
ol [ 4 f——
4 [ M —
M F— M =
- [ o —
-200 -100 0 100 -200 -100 0 100 -200 -100 0 100 -200 -100 0 100
Difference of Means [um] Difference of Means [um] Difference of Means [um] Difference of Means [um]

Figure 7. Graphs of Tukey simultaneous 95% confidence intervals for pairwise comparisons of
difference of means in mm for pairs of walls with 50 mm thickness difference depending on their
printing orientation for the FFF 3D printers Bambu ABS (a), Stratasys ABS (b), Bambu PLA (c), and
Prusa PLA (d).

3.1.3. Surface Topography of Cylindrical Shapes

Figure 8 shows typical topographical views of FFF 3D-printed piston surfaces (20.000 mm
diameter target values) with aligned seams for the two materials and the three printers used.
The general views (with 20X magnification) were isometric views of the curved surfaces,
showing the overall surface irregularities causing errors of circularity and cylindricity. The
detailed inset views (with 200X magnification) were top views of the surface, with the
height indicated with color (red is highest, blue is lowest) showing a local regular alignment
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(a) Bambu Lab ABS

(c) Bambu Lab PLA

of the layers. Not considering the edge effects on these isometric views, the surface showed
more overall uniformity with the Stratasys printer than with the others, suggesting that the
control of the printing parameters resulted in a better layer-on-layer printing repeatability.

‘(b) Stratasys ABS

(d) Prusa PLA

Figure 8. Stereomicroscope views (20X magnification) with digital analysis of cylindrical piston
surfaces in the insert (200X magnification) of ABS printed with Bambu Lab and 0.20 mm layer
thickness (a), ABS printed with Stratasys and 0.18 mm layer thickness (b), PLA printed with Bambu
Lab and 0.20 mm layer thickness (c), and PLA printed with PRUSA and 0.20 mm layer (d).

Typical surface roughness with the arithmetic mean deviation Ra and the maximum
depth of motifs Rz (measured with a 200X magnification) are presented in Table 1. The
Ra values for ABS material printed with both printers had similar values. The Rz values
with the Stratasys printer were smaller than with the Bambu Lab printer because of the
smooth surface finish of the parts printed by the Stratasys printer. The surface roughness of
PLA material with the Prusa printer had Ra and Rz values larger than with the Bambu Lab
printer. Comparing ABS and PLA surface roughness results with the Bambu Lab printer,
the PLA surface had a higher Ra value, but a smaller Rz.

Table 1. Experimental results of typical surface roughness analysis for different kinds of FFF 3D-
printed parts in this study.

Piston Tvpe Bambu Lab ABS, Stratasys ABS, Bambu Lab PLA, Prusa PLA,
M 0.20 mm Layers 0.18 mm Layers 0.20 mm Layers 0.20 mm Layers
Ra (mm) 12.60 12.23 14.95 19.73
Rz (mm) 57 49 50 68

3.1.4. Impact of Print Orientation Dependance on Circularity Error

Table 2 presents the results for piston and cylinder parts printed in ABS and PLA with
the three printer types. We define circularity error as the ratio of the maximal absolute value
of the measured deviations from the calculated average diameter, divided by the same
average diameter, based on the measurement along the 0 DEG, 45 DEG, and 90 DEG axes.
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Table 2. Experimental results showing an example of circularity errors for the corresponding piston
studied in the previous section assembled and for cylinders of the same materials with similar
diameter target values.

Circularity Bambu Lab ABS, Stratasys ABS, Bambu Lab PLA, Prusa PLA,
Error (% Diameter) 0.20 mm Layers 0.18 mm Layers 0.20 mm Layers 0.20 mm Layers
Piston shaft 0.22 0.24 0.14 0.32
Cylinder hole 0.19 0.50 0.21 0.27

For 20.000 mm diameter parts, a 0.1% diameter circularity error means +20 mm.
These results show that no significant difference is observed between ABS and PLA. The
Bambu Lab printer showed in general a smaller error than the Prusa and Stratasys printers.
The Stratasys printer showed a larger measured circularity error for cylinder holes when
compared to the other printers. When considering the results on the variance analysis for
pairs of walls in Section 3.1.2, the smaller variance from the Bambu Lab printer may be
directly related with the smaller circularity error observed in cylindrical parts.

3.1.5. Influence of Position on the Print Bed

This study was performed with three batches of piston—cylinder pairs in PLA green
Basic printed with the Bambu Lab printer with aligned seams. The results of the study
are presented in Figure 9 and show the effects caused by the position on the plate. The
deviations in mm from the targeted 20.000 mm cylinder inner diameter and from the
targeted 19.960 mm piston diameter are presented schematically in Figure 9a in red and
blue, respectively. The position in the table indicates the printing position in reference to
Figure 2c. The cell color gradients indicate the deviation’s quantity: intense color for large
deviations, and light color for the lowest deviations. Figure 9b shows the calculated average
clearance mapping in mm when considering the assembly of neighboring piston—cylinder
pairs (n = 3). Their locations are also represented in the table. The green color of the cell
indicates the parts with measured allowances close to the target. The smaller allowances
have colors tending towards orange, while the larger allowances have colors tending
towards purple. The cells with thicker borders indicate the printing positions of the three
pairs of parts (A, B, C) assembled and used for other analysis in this paper. The standard
deviations for the diameter measurements along each axis for the three printed series
were lower than 20 mm (n = 48). For piston—cylinder pair combinations at fixed printing
position, the standard deviation of the average calculated clearances was up to 29 mm
(n =72). The clearance variations were mainly printing position dependent and much less
day dependent, confirming the observations with the wall test structures illustrated in
Figure 7c. Figure Al (see Appendix B) presents the measured clearances for each of the
three batches used for Figure 9b.

From Figure 9a,b, we note that both the pistons and cylinders were smaller than the
target values, with similar maximal deviations. The combinations in the lower right-hand
corner of the build plate showed the least deviation for both pistons and cylinders, but the
values of these deviations were different, and the fit between the assembled parts was not
the expected value. The expected fits occurred near the center of the build plate, where
both pistons and cylinders had similar deviations from the target values. Therefore, with
the Bambu Lab printer used in this study, printing piston—cylinder pairs in the center of
the printing bed was recommended to obtain the desired clearance. To generalize this
recommendation to other printers, further investigation would be necessary. For piston
and cylinder parts assembled after printing, the position on the print bed is a key factor.
For any printer, it should be controlled.
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Figure 9. (a) Schematic representation of the position of the cylinders (cells with red gradients) and
the pistons (cells with blue gradients) on the printer bed. The numbers are experimental deviations in
mm from the 20.000 mm target value (cylinders), and from the 19.960 mm target value (pistons). The
intensity of the cell colors indicates the deviation’s quantity: red for the cylinders, and blue for the
pistons, with white showing the lowest deviations. (b) Schematic representation combining results
from (a) to visualize the map of average clearances in mm for the potential assembly of neighbor
piston—cylinder pairs (e.g., for the top left value: (20.000 — 0.121 (the average of —0.130, —0123,
and —0.111)) — (19.960 — 0.166 (the average of —0.168, —0168, and —0.161) = 0.085 mm), instead of
0.040 mm expected). The green color of the cell indicates the parts with measured allowances close to
the target. The smaller allowances have colors tending towards orange, while the larger allowances
have colors tending towards purple. The cells with thicker borders indicate the printing positions of
the three pairs of parts (A, B, C) assembled and used for various analysis in this paper.

3.2. Associating Dimensions with Friction Force Measurements
3.2.1. Friction Force Measurements and Test of Concept Model

This study was performed with piston—cylinder pairs in lilac purple PLA Matte printed
with the Bambu Lab printer with aligned seams. The experimental results of the measured
diameters for an FFF 3D-printed piston—cylinder assembly are shown in Table 3. These
results detail how the inner diameter of the cylinder and the diameter of the piston varied
depending on their measurements along the X-axis (0 DEG), or Y-axis (90 DEG), or at
45 DEG. The measured values showed a smaller dependance to these axes for the cylinder
than for the pistons. The observed variations were not only caused by axis distortions
but also by the irregularities and the surface roughness of the measured diameters, by
the presence of the seam, and by the measurement method. Interestingly, the value of the
clearance obtained from the measurement and the value of their standard deviations were
similar, suggesting an imprecisely defined clearance. The resulting measured friction forces
when moving the piston inside the cylinder are shown in Figure 10. The black lines of
the graphs show the experimental results, while the orange dashed lines show calculation
results from the developed concept model for analysis purposes. The top part of the signals
(positive force) corresponds to the friction force during the compression phase of the cycle,
when the piston moved down in the cylinder. The lower part of the signal (negative force)
corresponds to the friction force during the tension phase of the cycle, going back to the
start position (at 5 mm deep). These signals show an increase in the friction force and
in its oscillations as the piston is inserted deeper inside the cylinder. This corresponds
to an increased surface of contact and more material deformation contributing to the
friction forces. The discrepancies between the experimental results and the corresponding
calculated model were presumably due to dimensional uniformities. In this case, these
discrepancies could be an interesting indicator of the print quality.
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Table 3. Example of diameter measurement results of an FFF 3D-printed cylinder and piston. This
specific pair was printed in green PLA using the Bambu Lab printer in position “B” (see Figure 9b),
and with 0.20 mm layer thickness (each measurement taken 3 times).

Diameters\Angle 0 DEG 45 DEG 90 DEG Total
Cylinder (mm) 19.869 +£ 0.011 19.878 + 0.023 19.863 + 0.022 19.870 + 0.020
Piston (mm) 19.860 + 0.005 19.805 + 0.001 19.809 + 0.005 19.825 + 0.025
Average measured clearance for assembly (mm) 0.045 + 0.045
15 15
——1 mm/s Measured (N) (b) ——2.5mm/s Measured (N)
10 1 mm/s Calculated with model (N) 10 2.5 mm/s Calculated with model (N)
\Eo
" 0 é 0 ' 8 0
-5 E -5
-10 -10
-15 -15
Displacement (mm) Displacement (mm)
15 15
——5mm/s Measured (N) (d) ——10 mm/s Measured (N)
10 5 mm/s Calculated with model (N) 10 10 mm/s Calculated with model (N)
5 MMV z
PAAAAAAAAAAAAAMANNANN @
0 s
6 8 0 s
5 ug_

-10

-15

Displacement (mm) Displacement (mm)

Figure 10. (a—d) Experimental results of the resulting friction force when displacing the FFF
3D-printed PLA piston through the cylinder at 1 mm/s, 2.5 mm/s, 5 mm/s, and 10 mm/s
speeds, respectively.

The measurements at different speeds (1.0, 2.5, 5.0, and 10.0 mm/s) showed a strong
decrease in the oscillation signal amplitude as the displacement speed increased. The lower
speeds were expected to highlight static friction phenomena, where each surface undulation
was interlaced with each other, leading to strong oscillations. Conversely, the higher speeds
seemed to show dynamic overflight friction phenomena with reduced oscillations. Similar
behavior was observed and reported for friction characteristics of FFF 3D-printed planar
test parts [27]. The baseline (i.e., midpoint of the oscillations) of the friction force signal
increased almost proportionally with the inserted depth as the piston moved down and
increased the contact surface area. The effect of the displacement speed on the baseline
friction force remained limited.

The behavior calculated with the model closely matched the signals in the compression
phase, especially for 1.0, 2.5, and 5.0 mm/s speeds z. There was a close correspondence
between the experiment and the model regarding the undulations period of 0.20 mm match-
ing the value of the layer thickness. In the tensile phase, it showed larger discrepancies,
especially at the beginning of cycles and high displacement values. A phase shift could
be observed at large friction forces in this tensile phase. This was presumably caused, at
high tensile forces, by a strain in the fixture holding the bases of the tested parts. Table 4
provides the forces extracted using the mathematical model, as well as the other parameters
used in the model.
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Table 4. Parameters obtained and used with the developed mathematical model in Figure 10 for
piston—cylinder assemblies printed with the Bambu printer in Bambu green PLA Basic.

z (mm/s) 1.0 2.5 5.0 10
s (N/m) 1781.3
Ff total_base-max (N): 6.7 6.4 5.6 6.7
Ff total_oscit-max (N): 6.0 3.3 1.1 0.4
Al (m) 162-107¢
ke () 051073
B(-) 0.90 0.52 0.20 0.06
mppa used (-) 0.25 0.24 0.21 0.25

% was provided by the choice of tensile tester speeds. k. was adjusted to match the general baseline slope increase.
mpy4 values were adjusted slightly to calibrate the small baseline slope discrepancies. B values were adjusted to
calibrate the oscillation amplitude.

3.2.2. Friction of Running and Sliding Clearance Types

This study was performed with piston—cylinder pairs in lilac purple PLA Matte printed
with the Bambu Lab printer with aligned seams and different clearance values, correspond-
ing to different running and sliding fits. Figure 11 graphs the measured friction force
in black as a function of the displacement at 1 mm/s speed for five different clearance
fits. This was an attempt to categorize them in different types of running and sliding
clearance fits inspired by the ANSI B4.1 standard. Figure 11a-e is associated with measured
clearance ranges of [-0.052-0.168 mm], [0.005-0.201 mm)], [0.003-0.224], [0.024-0.235], and
[0.157-0.280], respectively, to approximate equivalents RC5, RC6, RC7, RC8, and RC9 fit
types. The signals in orange showed the corresponding result from the model. Figure 11f
graphically presents the measured clearances—showing the variability range (i.e., the
standard deviations)—with their corresponding calculated clearance. This suggests similar-
ities with the graphical representation of clearance fits in ANSI B4.1 [46]. Finding a clear
equivalence between the studied fits with those defined in the standards was not the goal of
this study. Similarly, clearances for sliding and running fits with FFF 3D-printed parts had
different adjustable levels of mobility similar to classical machining processes. However,
the presence of oscillating forces, whose magnitude depended on the motion speed, was
a fundamental difference. A reduction or precise control of these oscillating forces could
open the way to future standardization with the goal to promote the interchangeability of
FFF 3D-printed sliding or running parts, distributed in a decentralized manner.

As described above, in the compression phase with positive friction forces, the model
was comparable with the measurements. It showed some discrepancies highlighting
presumed non-uniformity in the printed cylindric geometries. In the tensile phase, these
discrepancies were larger over the whole range for looser clearance fits, and at high forces
for tighter clearance fits. Table 5 shows the parameters used in the model to fit the signals
in the compression phase. As clearance decreased, the following parameters showed
significant increase: extracted values of slope s, the maximal baseline friction force, and the
maximal oscillating amplitude. The slope s represents the apparent normal force per unit of
overlay distance. From the dimensional measurements and the friction force measurements,
a neutral gap or an apparent zero friction force clearance value of 207 mm was assessed.
The apparent strain values Al were then calculated as the difference between this neutral
gap value and the average measured clearance for assembly. For RC5eq, the following
calculation for Al was made: 207 mm — 45 mm = 162 mm.
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Figure 11. (a—e) Views of experimental results of friction forces as a function of the displacement
at 1 mm/s speed with corresponding calculations using the developed model for FFF 3D-printed
PLA piston—cylinder assemblies with different dimensional clearances; (f) graphical representation
(with variability) of the measured diameters of the corresponding piston—cylinder assemblies (in
black, the cylinders or holes normalized at 20 mm inner diameter; in gray, the pistons or shafts with
different diameters) from (a—e), and in orange vertical lines, the corresponding allowance using the
mathematical model with the following calculated values: 0.014 mm for RC5eq, 0.065 mm for RC6eq,
0.105 mm for RC7eq, 0.128 mm for RC8eq, and 0.160 mm for RC9eq. Indications of RC5eq up to RC9%eq
suggest some correspondence with the running and sliding clearance fits from ANSI standard B4.1.

Table 5. Parameters obtained and used with the developed mathematical model in Figure 11 for
piston—cylinder assemblies printed with the Bambu printer in lilac purple PLA Matte.

Cl;:;l;‘iav:cl:r;ti t RC5eq RCéeq RC7eq RC8eq RC9eq
s (N/m) 8313 3411 1768 385 211
Ff total_base-max (N): 31.2 12.8 6.6 14 0.8
Ff total_oscil-max (N): 12,5 5.1 2.7 0.6 0.3
B(-) 0.40
mpra used (-) 0.25
Al (m) 162:107° 94.10-° 67-10~° 53.10~° 32:10°°

ke (9) 2.1073 1.65-103 121073 0.33-1073 0.3-1073
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3.2.3. Fits Variability

To study the variability of a fit when printed with the same printer, the same material
(PLA—5 in green Basic and 2 in lilac purple Matte), and at the same position, seven batches
of three piston—cylinder pairs with identical designs (cylinder with 20.000 mm diameter
and piston with 19.960 mm diameter) were printed with the Bambu Lab printer at the same
positions (A, B, and C as defined in Figure 9) and measured. When not considering the
printing position as fixed, the relative standard deviations of friction forces, extracted as
described in the previous section, were as follows:

e  Average measured variability of s and of Ff 1141 pase-max: £86%;
e  Average measured variability of Fy totar_oscit-max: £93%.

This significant variation of friction forces for a targeted fit could be strongly reduced
when considering printing at a fixed position on the printer bed. In this case, the relative
standard deviations of friction forces, extracted as described in the previous section, were
as follows:

e  Average measured variability of s and of Fy tota1_pase-max: £48%;
e  Average measured variability of Fs toa_oscil-max: £49%.

These results showed the difficulty of maintaining a definite running and sliding fit if
no attention was paid to the printing position on the build plate. However, by printing the
piston—cylinder pair always at the same position on the built plate, an approximate friction
force for a sliding and running fit could be maintained between printing batches.

The model suggests that the discrepancies with the friction behavior of the piston—
cylinder assembly can be associated with the performance of a printer (regarding the
cylindricity). This tensile test method could become a simple means to assess the quality of
a printer for this type of application.

A future numerical model based on experimental results using a coordinate measuring
machine is likely to increase its reliability. It could provide precise deformation over stress
responses, sensitivity analysis on parameters, and anticipation of fits and friction forces
considering the existing cylindricity errors.

3.3. Other Influences

Among the high number of other possible FFF 3D printing parameters of influence,
three practical considerations are detailed hereafter.

3.3.1. Influence of Layer Thickness

Four batches of three pairs of piston—cylinders with increasing clearances were printed
in lilac purple PLA Matte at positions “A”, “B”, and “C” indicated in Figure 9. Each batch
was printed with a different layer thickness: 0.28 mm, 0.20 mm, 0.15 mm, and 0.10 mm.
Using these parts, the influence of layer thickness on the dimensions and the resulting fit
of piston—cylinder pairs were studied. Their clearances, obtained from the dimensional
measurements of their diameters (including average with standard deviation, and full
range of dispersed values), are presented in Table 6. This dispersion of measured values
was caused mainly by the circularity errors of cylinders and pistons, and to a lesser degree
by the measurement errors. For each layer thickness, the clearance in position A was
smaller than the clearance in position B, which was smaller than position C. A change of
the layer thickness caused a gradual change in the clearance values. This occurred mainly
because the extruded material had a circular cross-section as it exited the nozzle. A thicker
layer generated a wider deposited thread. Compared to the assembly with 0.20 mm layer
thickness taken as reference, a 0.28 mm layer caused a strong reduction of the clearances,
resulting in much tighter fits. Conversely, 0.15 mm and 0.10 mm layer thicknesses caused
an increase in the clearances in positions A and B, and no significant changes in position
C. The printer was unable to compensate for this phenomenon, resulting in decreasing
clearances for increasing layer thickness.
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Table 6. Calculated clearances from measured diameters of piston—cylinder pairs printed in lilac
purple PLA Matte using the Bambu Lab printer (each part measured 3 times along the 3 axes as
above, n = 9). Averages with standard deviations (£1 s), as well as the full range of measured values,
are indicated. The clearance increased when printing with thinner layer thickness.

Assembly\ Piston Type Bambu Lab PLA, Bambu Lab PLA, Bambu Lab PLA, Bambu Lab PLA,
y M 0.28 mm Layers 0.20 mm Layers 0.15 mm Layers 0.10 mm Layers
Clearance (mm) -0.001 + 0.068 0.049 £ 0.027 0.58 £ 0.029 0.074 £ 0.015
position A [-0.080-0.090] [0.013-0.098] [0.019-0.097] [0.048-0.094]
Clearance (mm) 0.018 & 0.055 0.075 £ 0.058 0.117 4+ 0.053 0.108 £ 0.035
position B [-0.054-0.085] [-0.023-0.142] [0.048-0.195] [0.073-0.162]
Clearance (mm) 0.064 £+ 0.047 0.126 £ 0.067 0.125 £ 0.063 0.122 £ 0.066

position C

[-0.008-0.120]

[0.040-0.229]

[0.051-0.218]

[0.031-0.202]

The effect of layer thickness on the surface roughness of these piston—cylinder pairs
was also studied. The results of this analysis are presented in Table 7. The Ra and Rz
values decreased with the reduction of the layer thicknesses, indicating smoother surfaces.
The friction force of these three pairs was measured with the tensile tester. At a speed of
1 mm/s, the extracted values of the slope s (the apparent normal force per unit of overlay
distance), the maximal baseline friction force, and the maximum oscillating amplitude
showed a strong trend towards a decrease in their values with the reduction of the layer
thickness. This was due to the smoother surfaces and larger clearance values that resulted
in lower friction forces as the layer thickness decreased. However, the measured friction
values at 0.20 mm were slightly smaller than 0.15 mm.

Table 7. Example of typical measured surface roughness analysis for the piston—cylinder pair
presented in Table 6, and friction force values extracted from the experimental results using the
mathematical model (at 1 mm/s).

Piston Type

Bambu Lab PLA,
0.28 mm Layers

Bambu Lab PLA,
0.20 mm Layers

Bambu Lab PLA,
0.15 mm layers

Bambu Lab PLA,
0.10 mm Layers

Ra (mm)

19.00 14.95 9.36 6.00

Rz (mm)

80 50 39 31

s (N/m)

8936 1219 1544 823

F f_total_base-max (IN):

33.5 4.6 5.8 3.1

F f_total_oscil-max (N):

241 3.7 3.9 0.2

These results showed that reducing the layer thickness when printing cylinders and
pistons to be assembled provided a smoother surface; their measurable clearance increased;
and in general their clearance fit’s type increased too, except if other non-uniformities
appeared that may have been accidental or systematic.

3.3.2. Influence of the Seam Type

This study was performed with piston—cylinder pairs in Bambu green PLA Basic
printed with the Bambu Lab printer. It included piston—cylinder pairs printed with aligned
seams and random seams, both in position A, as defined in Figure 9. The measurement
results of their diameters—measured along the three axes (see Table 8)—showed a close
match of the values for both cylinders and pistons. The choice between these two seam
types did not appear to influence their measured geometry parameters.
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Table 8. Example of diameter measurement results of an FFF 3D-printed cylinder and piston. This
specific pair was printed in green PLA using the Bambu Lab printer in position “A” (see Figure 9b),
and with 0.20 mm layer thickness (each part measured 3 times along the 3 axes as above, n = 9).
Averages with standard deviations (£1 s), as well as the full range of measured values, are indicated.

Diameters\ Angle Aligned Seam Random Seam
Cylinder (mm) 19.845 + 0.024 19.857 £ 0.031
y [19.818-19.887] [19.825-19.909]
19.818 + 0.031 19.816 £ 0.018

Piston (mm) [19.789-19.840] [19.791-19.842]

Figure 12 shows the typical friction force behavior difference between similar geomet-
rically matching piston—cylinder assemblies with both the aligned seam type (Figure 12a)
and the random seam type (Figure 12b). With aligned seams, the oscillating force signal
grew continuously with the displacement. With random seams, the oscillating force signal
was smaller but with strong interferences. These interferences were likely caused by contact
between the unpredictable random seam locations on the pistons and cylinders. Interest-
ingly, symmetry was observed in the compressive and tensile friction forces, as the same
random seam locations came into contact at the same depths, but in opposite directions.
The insets of the graphs in Figure 12 show microscopic views of the two different seam
types on the pistons’ surfaces. As evident from these microscope images, the extruded
polymer material resulted in extra thickness at the seam location due to over-extrusion as
the print head changed motion to begin a new layer. The interactions between these seam
locations caused the observed oscillations in friction forces.
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Figure 12. Graphs with the friction force as a function of the axial position between cylinder and
piston assembly with aligned seam (a) and random seam (b). In the inset are the corresponding
microscopic views of the piston surface showing the corresponding seam type.

Aligned seams, despite causing a small local linear protuberance along the diameters
that increased the total friction forces, presented a more uniform and predictable behavior,
as shown with the examples above.

3.3.3. Influence of Piston—Cylinder Relative Angular Position on Friction

In all previous friction tests, the relative angular positions between cylinders and
pistons were controlled and adjusted to be identical using their added reference marks.
Though, in consequence of the non-ideal circularity, the axial friction forces varied depend-
ing on their relative angular position. The experimental results of friction forces measured
at three different relative angles between pistons and cylinders are presented in Table 9.
They include the clearances calculated from the diameter measurements, the standard
deviations, and the full range of measured values. The force values were extracted using
the mathematical model presented above. These results showed a non-negligible change in
the maximal baseline forces (between the smallest and the largest values) from 67% (pair 1)
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to 670% (pair 2) and from 100% (pair 3) to 2150% (pair 2) for the maximal oscillation forces.
This change was due to the aforementioned cylindricity errors of the 3D-printed parts.
Alignment with different angles will result in a different interference pattern between the
peaks and valleys, as well as a different amount of material deformation as the piston slides
in the cylinder.

Table 9. Experimental results of the circularity error effect on the axial friction at three different
relative angular piston—cylinder positions on axial friction force values. These values were extracted
from using the mathematical model from three pairs with different clearances printed with a Bambu
Lab printer in lilac purple PLA. The corresponding measured diameters are indicated with their
averages and standard deviations (%1 s), as well as the full range of measured values (each part
measured 3 times along the 3 axes as above, 11 = 9).

Piston—-Cylinder Pair 1 Piston—-Cylinder Pair 2 Piston—Cylinder Pair 3

Relative Angular Position 0DEG 45DEG 90DEG O0DEG 45DEG 90DEG O0DEG 45DEG 90DEG
s (N/m) 372 434 620 143 643 1101 152 256 99
Ff total_base-max (N): 1.4 1.6 2.3 0.5 2.4 41 0.6 1.0 0.4
Ft total_oscit-max (N): 0.7 1.0 1.6 0.2 1.7 4.5 0.1 0.4 0.2

Measured clearance (mm)

142 mm &+ 96 mm
[-0.012-0.260]

154 mm =+ 74 mm
[0.024-0.235]

113 mm =+ 70 mm
[0.005-0.201]

These results indicated a stronger dependance of axial friction forces on the relative
angular position. A direct correlation between the intensity of the force variations and
the standard deviation of the clearance was observed. Therefore, to maintain the desired
sliding and running fit behavior with a piston—cylinder assembly, the relative angular
rotation between them needs to be impeded. On the other hand, this change of friction
force due to this rotation—if well controlled—could be exploited for a specifically designed
constrained motion path.

4. Summary and Conclusions

In this article, key aspects relating to the properties and the limitations of piston—
cylinder assemblies with sliding and running fits when using FFF 3D printing have been
studied. From all the obtained results, the key findings are as follows:

e  There is rarely a significant difference between consecutive printing days, indicating
that most 3D printers are generally repeatable.

e  There is often a significant difference between different print orientations, indicating
that the print orientation needs to be considered when designing the fit of interacting
FFF parts.

e  The Bambu Lab printer showed the most repeatable change in wall thickness with the
greatest resolution. The Stratasys printer resulted in the smoothest surfaces, and the
Prusa printer showed the most variability.

e  Printing performances regarding precision and accuracy strongly depend on the
printer type and are not necessarily related to the printer cost.

e  The location on the print bed can affect the dimensional accuracy of pistons and
cylinders, making it impossible to target a definite clearance. With the Bambu Lab
printer, the best tolerances for allowance in the assembled parts occurred near the
center of the build plate, where both the piston and cylinder experienced similar
deviations from target values; the resulting friction forces of the obtained fits could be
defined with a £50% relative variability.

e  The friction force of the piston sliding in the cylinder increased with the depth of the
piston in the cylinder and showed oscillations as the different print layers interacted.
The faster the sliding speed, the smaller the oscillations.
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e A simple analytical model based on Hooke’s law matched the friction force data well
and can be used for different sliding speeds and clearance values.

e  Reducing the layer thickness when printing cylinders and pistons to be assembled
will provide a smoother surface, increase their measurable clearance, and in general
also increase their clearance fit type.

e Random seams showed lower friction forces than aligned seams, but the aligned seams
exhibited more uniform and predictable friction behavior.

e  The friction forces in the axial direction can vary depending on the angular position
between piston and cylinder. Therefore, to maintain a desired sliding and running fit
with a piston—cylinder assembly, the relative angular rotation between them needs to
be impeded.

The international standards for shaft-hole fits do not yet include an adaptation for
FFF 3D-printed parts with undulating surfaces caused by the piling up of layers with a
given thickness. However, equivalent fit types can be suggested, including the oscillating
nature of the result friction forces.

Based on this study, we believe that future generations of printers and printer software
can include additional compensations to account for the presence of manufactured pistons
and cylinders. These additional compensations should consider the various observed
effects from this study, including the general non-significant variation of printing results at
a defined position on the printer bed and the dependence on the layer thickness. With the
use of artificial intelligence, we believe valuable enhancements can be made to future FFF
3D-printed parts.
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Appendix A
Appendix A shows fabrication details of the wall structures, cylinders, and pistons.

Table A1. Schematic top views of FFF 3D-printed walls with the used in-fill pattern along the three
studied printing axes (0 DEG, 90 DEG, and 45 DEG) for the three printers—view at mid-height.

In-fill pattern at mid-height (Bambu Lab and Prusa)

X-axis
(0 DEG):
0 DEG wall
threads

Y-axis
(90 DEG):
0 DEG wall
threads

45 DEG:
0 DEG wall
threads

X-axis
(0 DEG):
-45 DEG wall
threads

Y-axis
(90 DEG):
+45 DEG wall
threads

45 DEG:
+90 DEG wall
threads
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Table A2. Photographic top views of FFF 3D-printed walls at the middle thickness value (2.050 mm)
along the three studied axes (0 DEG, 90 DEG, and 45 DEG) using a selected combination of filament
materials (ABS or PLA) and of printer type (Bambu Lab, Prusa, and Stratasys) as indicated below.

X-Axis (0 DEG) Y-Axis (90 DEG) 45 DEG

Bambu
Lab ABS

Stratasys ABS

Bambu
Lab PLA

Prusa PLA

Table A3. Schematic top views of FFF 3D-printed cylinder and piston with the used in-fill pattern—
view at mid-height for the three printers.

Cylinder Piston (Bambu Lab and Prusa)

In-fill pattern at mid-height

Cylinder Piston (Stratasys)

In-fill pattern at mid-height
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Appendix B

Appendix B shows fabrication details of the map of the clearances of neighboring
parts used in Figure 9b for the three printed batches of cylinders and pistons.

Batch 1: clearances of neighboring parts

Figure A1l. Measured clearances for each of the three batches used for Figure 9b. The green color of
the cell indicates the parts with measured allowances close to the target. The smaller allowances have
colors tending towards orange, while the larger allowances have colors tending towards purple.
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