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Abstract

Additive Manufacturing (AM) has opened the door for portable and self-sufficient fabrication. However, environments with
base vibration degrade part quality during production. This work focuses on investigating and mitigating the effects of
base vibration on AM part quality. Factors influencing part quality initiated the approach, followed by experiments on an
extrusion-type printer to inspect and minimize vibration effects. Part roughness was used as the part quality metric based
on preliminary experimental observations. A modal impact test identified the print bed and print head gantry as vibration-
sensitive components at & 40 Hz. These vibration modes were targeted with experiments to evaluate and reduce vibration
effects. Vibration originating from machine operation and vertical base vibration were compared. Part quality was impacted
by base vibration 600 x more than by machine operation. Part roughness correlated with vertical base vibration intensity as
the roughness standard deviation increased over 85%, from 187.71 pin to 349.01 win, for parts printed with base vibration
compared to parts printed without. This result indicated base vibration as the primary vibration source that leads to part
quality degradation. A passive vibration control scheme was implemented resulting in a 93% reduction in the relative motion
between the print head and bed, from 23.71 to 1.75 g/g, and a 16% improvement in part surface roughness, from 1015.60
to 850.39 pin. This research provides direction for extending AM to harsh operational environments.

Keywords Base vibration - Extrusion printing - Modal impact test - Part roughness - Part quality - Vibration control

Introduction
Machine Limitations in Harsh Environments

Additive Manufacturing (AM) has many benefits for perma-
nent and mobile fabrication. Many AM users are attracted
to its features including low footprint, weight, and increased
agility. The marine industry, for instance, considers using
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AM for generating parts that can withstand corrosive
and dynamic conditions [1]. However, mobility and com-
pactness comes with one side effect that hinders AM’s
widespread adoption: deficient part quality produced in
vibratory environments. The vibratory nature onboard ships
due to base vibration disrupts extrusion-based AM pro-
cesses by exciting a printer’s structural vibration modes
[2]. The excited modes lead to misaligned machine com-
ponents that create unlevel part structures [1], resulting in
poor print accuracy.

3D printers can be classified as precision machines.
Precision machines are machines which performance can be
undermined without mitigating vibration [3]. The vibration
source affecting precision machines could be from its
operation or the structure it rests on. Machine vibration
is often a result of rapid moving machine components,
while base vibration originates from external factors like
nearby vibrating machines. Both of these effects on machine
performance have been studied for decades [3, 4]. Although
the ideal solution for such devices is to redesign the
environment to minimize environmental vibration [5], it
is typically high-cost and excessive for most scenarios.
Therefore, efforts to mitigate environmental vibration
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affecting precision machine performance pursue two
common strategies: 1) adaptive machine control that
compensates for the machine or base vibration and 2) active
or passive isolation.

The first approach was carried out by Duan et al., where
they used a feedforward control algorithm, informed by
the printer’s near-future route, to minimize an extrusion
printer’s trajectory during production [6]. Rivin engaged
the second method by passive and active isolation and
suggested that passive isolation is sufficient for most
scenarios [7]. Rivin found that active isolation is beneficial
when a process requires extreme machine precision [7].
Though isolation has primarily been pursued as a mitigation
strategy to decouple the equipment’s vibration source from
the structural vibration modes, recent work has shown
how designed coupling of the isolation devices with the
machine’s structural vibration modes can reduce unwanted
vibration for horizontal and rocking motion [8].

State of Research

Regardless of the scheme to mitigate vibration affecting
a precision machine, understanding a machine’s vibration
response is vital [5, 9]. To the authors’ knowledge there
exists few studies about vibration affecting extrusion-type
3D printers. Two groups investigated how fast repositioning
of AM print heads excited the printer’s structural vibration
modes and affected part surface roughness [10, 11]. Neither
references explored base vibration effects and how it
contributes to AM part quality. This paper extends the
current research by answering two questions: 1) what is the
affect of base vibration on AM part quality? and 2) how can
part quality degradation be mitigated?

Research Approach

In light of the research questions stated above, this paper has
four contributions based on experiments with an extrusion-
type printer:

1. Vertical base vibration dominates a printer’s vibration
response, not machine vibration.

2. Relative vertical motion between a printer’s bed and
gantry degrade part quality.

3. Part quality deteriorates with increased base vibration,
both qualitatively and quantitatively as measured by
surface roughness.

4. Passive isolation can improve part quality in the
presence of base vibration.

The first contribution was determined by two tests
during AM parts production: one excited the printer’s
vibration modes with machine vibration and vertical base
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vibration; the other excited the printer’s vibration modes
with machine vibration only. The printer’s bed and head
relative vertical motion data was used to determine which
vibration source dominated the printer’s response (ref. “The
Source and Effects of Part Quality Degradation” section).
The second contribution pursued a modal impact test
to identify vibration-sensitive printer components. High-
energy vibration modes appeared on the print bed and
print head gantry at &~ 40 Hz. These components were
then targeted to quantify the correlation between vertical
base vibration and part quality (ref. Sections 2 and 2).
The third contribution was based on considering the print
bed and print head relative vertical motion during part
production versus part surface roughness when exposed to
vertical base vibration. The printer’s bed and head relative
motion data was recorded while the printer discharged a
layer of material. Data were extracted from the relative
motion record to inspect the printer’s average vertical
movement irrespective of its configuration. Part roughness
was observed and measured to assess part quality (ref. “The
Source and Effects of Part Quality Degradation” section).
The final contribution involved implementing a passive
isolation scheme to mitigate the base vibration effects on
AM part quality (ref. “Passive Base Isolation” section).

The remainder of this paper describes the approach
for measuring AM part quality, the process of identifying
vibration-sensitive printer components, the experiments to
identify the source of vibration that leads to part quality
degradation, and implementing a passive vibration control
solution to demonstrate improved AM part quality. The
overall approach is highlighted in Fig. 1 showing some
general [12] and research specific factors that influenced
the part quality metric decision. The paper concludes by
discussing the experimental results and the implications
for other AM equipment that could be placed in vibratory
settings.

Additive Manufactured (AM) Part Quality

This section focuses on the factors that led to using
surface roughness as the part quality metric. First, some
general factors from the literature are discussed followed
by preliminary vibration test results. Several parts were
printed on an AM printer while it was excited by vertical
base vibration to measure the effects on part quality. The
observed effects contributed to the final part quality metric
decision of averaged surface roughness (Ra). This section
closes with a brief discussion of how surface roughness
measures direct effects of parts printed amidst vibration
and how it indicates indirect part effects like dimensional
inaccuracies and wear intolerances.
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Fig.1 Overall approach for this research to explore vibration effects on 3D printing. The general and research specific factors were considered for
the part quality metric decision. The general factors are common in the AM literature [12]. The research’s factors are additional for the research at
hand where preliminary experiments indicated vibration effects on part quality. Following the part quality metric decision, a series of experiments
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were performed to identify the vibration effects on the quality metric and mitigate effects that degrade part quality

Factors and Measures

The quality of AM parts may be subjective. General factors
in Fig. 1 are a few that influence how part quality is
assessed; they include design intention, implicit issues,
manufacturing process, and material [12]. Design intention
is often the focus for assessing part quality. Any of the
following may be important for a given design: strength,
durability, density, number and type of allowable defects,
and dimensional accuracy. One widespread design concern
is part strength [13], which can be used for understanding if,
how, and when a part may fail in its prescribed environment.
On a different note, identifying and minimizing part defects
[14, 15] has also been essential for AM processes as they
focus on reproducible production.

Implicit part quality issues, issues that are an indirect
result of another, can influence how one chooses a part
quality metric. Surface quality is one instance where a
part’s surface can be measured directly and indicate implicit
part quality features like geometric inaccuracy and part
misfunction [12]. AM processes, on the other hand, have
specific traits that influence a final part and its quality.
The AM printer used in this research is a FDM type
that uses extrusion to print. Compared to another process
like powder bed fusion (PBF), PBF is more prone to part
vacancies so this would factor differently for a part quality
decision. Material choice also shares in how part quality
is evaluated. Plastics, metals, ceramics, and composite AM
materials have varying mechanical and physical properties
resulting in different perspectives when analyzing the part
quality of each. Together these factors influence decisions
for measuring part quality in a given situation. Regardless
of a study’s breadth to establish a catch-all part metric, the
situation still resolves to subjectivity, as indicated by Udroiu
etal. [12].

For this study, an additional factor from Fig. 1 was
considered before selecting part surface roughness as the
part quality metric: preliminary experimental observations.
Preliminary experiments vibrated the printer and informed

the decision by indicating surface quality effects, which is
discussed in the next section.

Part Roughness

This research focused on extrusion-based PETG parts
(material sourced from [16]). The chosen quality metric
was average surface roughness (1). Equation 1 comprises
measured distances of orthogonal points |z(x)| along a
surface profile x. The points are averaged for the surface
length [ to give a surface roughness value R,.

1 I
R, = —/ lz(x)|dx (H
LJo

The metric was chosen for four reasons:

1. It numerically characterized one of the effects observed
during preliminary vibration testing.

2. Measurements correlated to visual assessment.

Measurements are repeatable using a profilometer.

4. Correlates to implicit issues like geometric inaccura-
cies.

et

Preliminary Experimental Observations

Figure 2(a) illustrates surface roughness effects from base
vibration by contrasting parts made with and without
vertical base vibration. The front-view of two PETG AM
extruded parts are shown in this figure. The top part was
generated without vertical base vibration, and the bottom
part was produced with it. The highlighted regions on
each illustrate the detrimental effects on the part surface
that were observed and used to guide the part quality
metric selection. Observed layer degradation indicates
part quality issues like surface roughness explicitly and
dimensional inaccuracies implicitly. The geometry of each
part is displayed in Fig. 2(b) with locations highlighted
to show where roughness measurements were acquired.
The part’s base is approximately 2”x2”. The numbered




Experimental Techniques

(a) Front-view of two PETG AM parts produced by an extrusion
process. The top part was generated without vertical base vibra-
tion, and the bottom part was produced with it. The highlighted
regions on each illustrate the detrimental effects on the part sur-
face that were observed and used to guide the part quality metric
selection.

(b) Part geometry and roughness measurement locations. Loca-
tion 1 shows the place and direction for measurements on the
feature face, location 2 shows another spot on the bottom left cor-
ner of the part’s top-view, and location 3 represents the same spot
as location 2 but in a perpendicular direction.

Fig.2 Preliminary surface roughness observations and measurement diagram

locations indicate the direction of surface roughness
measurements that were acquired using a Mitutoyo SJ-
210 profilometer (see “Forced Vibration Tests” section
for instrument details). Location 1 shows the place and
direction for measurements on the feature face (with the
printing grain/direction), location 2 shows another spot on
the bottom left corner of the part’s top-view (with the
printing grain/direction), and location 3 represents the same
spot as location 2 but in a perpendicular direction (against
the printing grain/direction). Part roughness measurements
were acquired at several locations to understand how
different surface directions were affected by vibration.
Table 1 provides a list of the roughness values recorded for
each part shown in Fig. 2(a) and indicates that the same
pattern of the vibrated part being rougher exists in each
measurement location and direction. This common result
led to focusing on only on measurements at location 3 to
simplify the discussion for the remainder of this research.

Annotating both parts in Fig. 2(a) are circles that
emphasize the effects of vertical base vibration. One
noticeable difference between these two is the layer
degradation at the edge of the indicated feature. The
highlighted region has a straight edge in the photo
where no vibration was present, whereas the part printed
with vibration fails to keep the feature straight. These
observations provided sufficient evidence for confidence in
selecting surface roughness to gauge part quality.

Implicit Issues

Although the results discussed above were the primary
reasons for selecting part roughness as a measure of AM
part quality, this metric likely correlates with other part
deficiencies. Assembly variation, dimensional inaccuracies,
and wear intolerances are a few that have been explored —
primarily for AM with metal materials — in the literature [12,
17, 18]. Although the literature’s material and processes are
different from what is considered here, the results informed
this work. For instance, it was recently demonstrated that
surface roughness was directly related to the fatigue life of
powder bed fusion produced metal parts, meaning a rougher
surface leads to a shorter fatigue life [18]. This agreement
further supports the choice to use roughness to assess part
quality.

Experiments

This section describes the experimental approach shown
in Fig. 3. A modal impact test was performed to identify
vibration-sensitive printer components before pursuing the
vibration effects experiments. A single frequency of vertical
base vibration was applied to the printer rigidly mounted
to an ES-10D-240 Dongling shake table. Two sets of parts
were printed, and their surface roughnesses were assessed:

Table 1 Part roughness values

Ra Roughness (rin) No Vibration

Ra Roughness (win) With Vibration

of two parts shown in Fig. 2(a) Measurement

for the locations in Fig. 2(b).

Bolded is the roughness 77.24
measurement that was used for 2 143.82
the remainder of this research 3 237.65

1256.00
951.40
946.15

SEM
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Impact Tests

With Vertical
Base Vibration

Forced Vibration Tests

Vibration Mitigation Tests
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Fig. 3 A modal impact test proceeded the vibration effects experiments identifying vibration-sensitive components to target with vertical base
vibration. A passive vibration control scheme was implemented to demonstrate a solution to mitigate vibration effects on part quality

one set with and one set without vertical base vibration.
Subsequent vibration effects experiments were designed to
investigate how base vibration excites a printer’s structural
modes and its effects on AM part quality. A passive isolation
scheme was then implemented to mitigate base vibration
effects on AM part quality. The subsections below describe
the experiments in detail.

Impact Tests to Identify Vibration Sensitive
Components

The forced vibration tests were preceded by impact tests
to identify vibration-sensitive printer components shown
in Fig. 4. The printer model was a MakerBot Method
X printer, with a dimensional accuracy of 0.2 mm. Its
composite housing was supported with steel and aluminum
substructures. A load-cell instrumented hammer was used to
strike the printer in various locations while accelerometers
measured its response.

Sensor locations were explored to identify printer
components that directly affected print quality. The print
bed and print head gantry were candidates as their motion
has a primary role in printing a part’s geometry. Other areas
were excluded based on testing the vibration response at
specific points because they had measurable compliance.
Compliance does not lend to clear results through modal

Fig.4 Experimental setup for
the modal impact test that
preceded the vibration effects
experiments. Accelerometer
locations are circled on the print
bed and print head gantry.
Impact and measurement
locations are indicated for
results discussed in Fig. 5

analysis, so these areas were not considered further. A few
examples were the gantry’s corner drive mounts, the X-Z
face of the gantry and print heads, and the Y-Z face of the
print heads.

Once sensor locations were established, two testing
scenarios in Fig. 4 were set up: one with impacts and
measurements on the print bed (left photo), the other setup
with the print head gantry (right photo). This process
was repeated for several impact locations and used to
compute modal frequencies and mode shapes. Since modal
analysis relies on a static configuration of a structure,
several configurations were tested to understand how the
printer’s vibration modes varied with the print head and
print bed positions. The varying configuration tests were
not exhaustive though they showed that print bed mode
frequencies and shapes did not vary with the print bed
or print head positions, and gantry modes did not vary
with print bed position, though they varied with print head
position.

Two example frequency response functions (FRFs) from
the tests are shown in Fig. 5. FRFs in the top left and top
right, coherence (left bottom), and phase (right bottom) for
the print bed and print head gantry as indicated in Fig. 4.
Three vibration modes are present: one on the print head
gantry at ~ 38 Hz, on the print bed at ~ 47 Hz, and at
~ 58 Hz on the print head gantry. The shaded region centers
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Fig.5 Frequency response function estimates (FRFs) in the top left and top right, coherence (left bottom), and phase (right bottom) for the print
bed and print head gantry as indicated in Fig. 4. The shaded region centers on 40.7 Hz with a 10% bound in either direction, which was the

frequency range for the vibration effects experiments’ excitation

on 40.7 Hz with a 10% bound in both directions, indicating
the excitation range for subsequent forced vibration tests
described in “Forced Vibration Tests” section. The impact
test observations are summarized as:

1. A high-energy vibration mode manifested at ~ 40 Hz
on the print bed and print head gantry.

2. The print bed corners and midpoint had the largest
motion.

3. The resonant motion of the print bed and print head
gantry occurred within a small frequency range, which
indicated a possible large relative motion between them.

Forced Vibration Tests

Forced vibration tests were used to determine the effect
of base excitation on part quality. The approach measured
relative acceleration between the print head and bed while
printing and related it to part quality. The experimental setup
is described below and shown in Fig. 6.

The printer was mounted to the Dongling shaker using
Vibration Research VibrationVIEW (ver 10) to control
the shaker. Two custom mounting plates — spaced with
aluminum inserts — connected the printer’s base and the
shake table’s head expander. Two PCB® accelerometers
recorded vibration intensity, a 352A24 under the print bed
center (origin of the parts built) and a 352C22 on the top
of the primary print head. Each channel recorded data while
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the stepper motor belt driven gantry (with X-Y motion) and
stepper motor leadscrew driven print bed (with Z motion)
moved during part production shown in Fig. 7. A Simcenter
SCADAS XS data acquisition (DAQ) system configured
with Simcenter Testlab 2019.1 recorded the measurements.
Vibration came from two sources: the machine’s vibration
and the vertical shaker. The machine’s vibration was excited
by rapid print head motion with the printer set to a max print
head travel speed of 500 =*. Vertical excitation amplitude
ranged between 0.0325 and 0.13 g. A series of tests were
performed between these amplitudes. The input levels were
chosen based on the values being below the threshold of
where the printer would be damaged by resonance yet high
enough to excite the printer. Discrete amplitude setpoints
were used with a frequency of 40.7 Hz for the entire print-
time. Data collection occurred with a sampling frequency of
2,560 Hz.

Two sets of parts shown in Fig. 2(b) were printed, 10
with vibration and 33 without vibration. The part design
included many primitive features like cylinders, cutouts,
chamfers, and varying angle edges to represent typical
AM features. Although these features could be assessed in
various ways, surface roughness was used as described in
“Part Roughness” section.

Since the analysis described later in “Results and Dis-
cussion” section is based on relative comparisons between
parts printed with the same 3D printing parameters (i.e.,
nozzle temperature, filament feed rate, etc.), the parameters
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Fig.6 Experimental setup of the ™~ p
MakerBot Method X printer .,S" "
rigidly mounted to an ES-10D- <o 4
240 Dongling shaker. Two
accelerometers were positioned
to measure the vibration of the
printer: on top of the primary
print head and underneath the
center of the print bed where a
part would be built

Standoff

are not provided here. A Mitutoyo SJ-210, featuring a range
of 14,200 pin and an error of 0.8 win was used to measure
part roughness as described above. The dissimilar sample
sizes of printed parts resulted from needing an observer
present for the entire & 1 hr production during the vibration
tests, but not for tests without vibration.

Results and Discussion

This section contains the key observations from the forced
vibration tests. Two subsections identify base vibration as
the most significant source of degraded part quality and how
these effects can be mitigated to improve part quality.

Printer Body

Sensors
~—
\ =

| [
\/ Print Head

Relative
Motion

\
Print Bed -

Fig. 7 Test setup illustration to measure bed-head relative motion
while printing

o %

W& ) Head Expander

v

Print Bed

Sensor

Mounting
Plates

The Source and Effects of Part Quality Degradation

Considering the goal of the vibration tests was to capture
the effect of base vibration on part quality, it is appropriate
to identify the dominant vibration source during production.
Figure 8 represents the printer’s response to base vibration
and machine vibration to illustrate this point.

Before addressing the results, an explanation is needed to
clarify where these results originated. The results in Fig. 8
were acquired during a test with the shaker set to a 0.1
g vertical sinusoid at 40.7 Hz for the entire production.

----------- Without Vertical Base Vibration With Vertical Base Vibration

Mag. dB (g)

30 35 40 45 50
Frequency (Hz)

Fig. 8 Relative motion measured between the print head and bed
accelerometers (see Figs. 6 and 7)

SEM
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Sensors in Fig. 7 acquired time-domain data during one
production layer. The relative motion of the printer’s bed
and head shown in Fig. 7 was computed by subtracting the
accelerometers’ time-histories. These three signals had a 60
second time history that was split from end-to-end into 6
sets of data. A hanning window was applied and the spectral
response was computed using the fast-Fourier transform
(FFT) with a 0.1 Hz frequency resolution. All datasets were
averaged with linear weighting according to (2) to reduce
uncorrelated measurement noise, where M is the number of
datasets and m is the index for each frequency bin.

X=— Xm 2

This approach focused on the average acceleration during
a printed layer rather than peak responses at different
print head positions. And, it was expected for both curves
to have a peak at the ~ 40 Hz resonance (see “Impact
Tests to Identify Vibration Sensitive Components” section);
however, the response with base vibration was larger. For
both curves in Fig. 8 machine vibration was present as the
print head travel speed was set to a maximum of 500 =*
to excite the printer’s modes. However, Fig. 8 indicates
that machine vibration is 600x less significant of a vertical
vibration source than base vibration. This was expected
since the machine vibration relies on horizontal to vertical
coupling to excite the same resonance. More things that
could have attributed to the curves’ differences are the print

heads mass and the printer structure’s stiffness and damping
in the vertical and horizontal planes. The print heads
account for around 2% of the printer total mass. Therefore,
only a low amplitude force is exerted for machine vibration.
The printer structure also contributed to base vibration
being more dominant because of the manufacturer’s design
intention to stiffen the structure vertically [19]. This design
intent explains how the machine vibration was nearly
decoupled from the vertical acceleration response. Extended
work on this topic may include further testing of horizontal
and vertical resonance effects from machine vibration and
vertical and horizontal base vibration. Although this result
has a condition that makes the comparison less than ideal,
it’s consistent with the literature that base vibration often
dominates machine vibration for precision machines [3, 7,
9].

Two parts from the printed collection are displayed in
Fig. 9. The top are of a part printed without vertical base
vibration present. The bottom photos are of a part printed
while the Dongling shaker excited with 0.13 g vertically at
40.7 Hz. The dominant difference between these parts is
the printed layer degradation, which is clear by the non-
uniform edges and surface roughness circled in red dots.
Such degradation has direct part quality issues like a higher
surface roughness, and indirect issues like edge deformation
shown in the second photo from the right on the bottom
These results are captured by the surface roughness where
the standard deviation of parts with base vibration was
349.01 win and 187.71 pin without, over an 85% increase.

£
H
£

3
LS
-
0
.

sumn
L es® LYo
L2

LT TTTT L

Fig.9 Photos on the top are of a part printed without vertical base vibration present. The bottom photos are of a part printed while the Dongling

shaker excited with 0.13 g vertically at 40.7 Hz
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Passive Base Isolation

A passive isolation scheme was implemented to demon-
strate vibration mitigation (Fig. 3). Three Inglasco sponge
rubber hockey pucks [20] replaced the standoffs shown in
Fig. 6 and acted as isolators to decouple the vertical base
vibration from the printer’s structural vibration. The same
experimental setup in Fig. 2 was used to print parts with
vertical base vibration, with and without passive isolation.
Minimal work was done to tune the passive isolation design,
but design work should reduce the vibration and improve
the part quality more.

Part photos provided in Fig. 10(a) and 10(b) present the
qualitative evidence for improved part quality with reduced
vibration. For these images, the focus was on finding a
threshold where a part printed with isolation would look
similar to one printed without any vibration. For this, a
vibration input of 0.0325 g at 40.7 Hz was used for the
part shown on the top right and the bottom in Fig. 10(a)
and 10(b). The top left photos are from the baseline no
vibration case. The part roughness values for these parts
corresponded to the visual improvements as the values are
shown in Table 2.

Notice ripples in the layers of the part printed with
vibration. Compared to the part printed with isolation, the
latter has straighter layer edges. For the roughness val-
ues, compare the percentage increase from the baseline
for with and without isolation. In addition to the parts

Baseline

With Vibration

(a) Top-view of parts

Table 2 Part roughness values of two parts shown in Fig. 10 for the
regions highlighted in Fig. 2

Part Raroughness (uin) % Above Baseline
Baseline 237.65 —
With Vibration 849.71 257.55

With Vibration & Isolation 290.64 22.30

discussed in “The Source and Effects of Part Quality
Degradation” section, part roughness values were recorded
for parts produced with passive isolation. These seven
samples had an average roughness of 850.39 pin. This
result was a 16% reduction compared to those printed
without isolation as those ten parts had a mean of 1015.60 win.
This analysis has a weak statistical basis like the dis-
cussion from “‘The Source and Effects of Part Quality
Degradation” section due to its sample size, which could be
improved by collecting more samples. Although this passive
isolation scheme was not optimized, it improved part qual-
ity in terms of qualitative and quantitative part roughness
and demonstrated vibration mitigation as a helpful scheme
for improving AM part quality.

An alternate perspective in Fig. 11 demonstrates how
passive isolation minimized the relative vertical motion
of the print bed and print head leading to improved part
quality. The data was measured between the print head
and print bed accelerometers (see Figs. 6 and 7). The

With Vibration

Baseline

With Vibration & Isolation

(b) Front-view of parts

Fig. 10 Photos that show qualitative part quality improvement based on part roughness. Parts were printed with and without vibration at a threshold

of 0.0325 g at 40.7 Hz
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curves are averaged FRFs computed from accelerometer
responses during production. The FRF input was the shaker
acceleration and the output was the relative motion. The two
curves are from a test without passive isolation and the other
with it. The vertical base vibration was set to a random type
on the printer at 0.064 gRMS between 10-50 Hz for both
cases to target the same resonances described previously.
The top plot on the left and right graphics are identical while
the bottom plot on the left is the FRFs’ coherence and the
bottom right is the relative phase between the input and
output.

Three frequency regions are annotated in Fig. 11 to
show the result of applying passive isolation: at 42, 28, and
12 Hz. At 42 Hz, there is a nearly 93% reduction, from 23.71
to 1.75 g/g, and at 28 Hz there is a 57% reduction in the
printer’s response, from 6.45 to 2.77 g/g. One side-effect
of passive isolation is the higher response at about 12 Hz. In
this region, the response with passive isolation is 3.8 x larger
than without isolation. These results compliment the visual

Mag. dB (9/9)

. .
5 10 15 20 25 30 35 40 45 50 55
Frequency (Hz)

Passive Isolati

Phase (°)

i | i i
5 10 15 20 25 30 35 40 45 50 55
Frequency (Hz)

g.11 Relative motion between the print head and print bed for two scenarios: with and without passive vibration control

results from Fig. 10 by introducing an alternate perspective
of how part quality is affected by base vibration. These
FRFs indicate a less time consuming approach to understand
how a vibration mitigation strategy may improve AM part
quality as this analysis does not require part metrology.

An overall practical approach to understand how base
vibration affects AM part quality was given in Fig. 1.
However, with the understanding developed through this
study, a modified approach is suggested for future work
to mitigate vibration effects on AM part quality directly.
The adapted approach in Fig. 12 has the same structure
as Fig. 1, but with a modified path to go straight from
a part quality metric decision to assess how the metric is
affected by base vibration and then mitigate it. Although
the present work is not exhaustive, this study’s results
showed that relative vertical motion between the print bed
and head dominated the printer’s vibration response, which
can serve as an assumption for future work. The main
thing needed then before analyzing the vibration effects and
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Fig. 12 An adapted overall approach of this research indicates how future work can use the present results to move directly from a part quality
metric decision to testing vibration effects and mitigating them. The present results support the assumption that relative vertical print bed and head
vibration dominate an extrusion printer’s vibration response and should be the focus for applying a vibration mitigation scheme

SEM
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applying a mitigation strategy is an understanding of the
print bed and head relative motion response for a frequency
range of interest. Understanding this response would reveal
the printer’s vibration modes and an allowable amplitude
threshold to target with an active or passive vibration
mitigation scheme. With the current groundwork laid, the
vast literature of vibration mitigation for precision machines
can be investigated to select an appropriate scheme to enable
AM deployment in harsh environments.

Conclusions

In conclusion, part surface roughness was selected to
measure Additive Manufactured (AM) part quality for an
extrusion-type printer. The decision was based on common
factors from the literature and preliminary experimental
observations. The printer’s vibration-sensitive components
were identified as the print bed and print head gantry
in a preliminary experiment. The vibration response of
these components were considered to have two sources:
machine vibration from rapid printer motion and exper-
imentally induced base vibration. Base vibration effects
dominated the response, but future experiments using hor-
izontal excitation and exciting resonances with horizontal
components could provide further understanding. The rel-
ative motion between these features suggests an area to
target with vibration mitigation strategies for similar print-
ers and environments. Part roughness correlated with base
vibration intensity for an experiment that vertically vibrated
the printer during part production. A passive vibration mit-
igation scheme was implemented to demonstrate a solution
to mitigate vibration effects on part quality. This research
illuminates a path for evaluating functionally similar print-
ers before deployment in harsh operational environments.
AM is progressing in permanent and mobile fabrication
with a few revolutionary areas, including onboard ships,
vehicles, or spacecraft. This research reveals how AM
can advance beyond static production settings to places
it has never been.
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