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Chapter 1: Introduction

1.1 Motivation

In the aerospace, naval and automotive industries, Constrained Layer Damp-
ing (CLD) has come to play a pivotal role in suppressing vibrations. Evolving first
from the use of viscoelastic (VE) damping tape, the addition of a constraining layer
on the free surface of a VE tape made it so more vibration and wave propagation
could be reduced with minimal and acceptable changes in thickness and mass. Ap-
plications that use CLD damping treatments include structures used in the naval
and automotive industries primarily [2]. The premium here is the ability to convert
mechanical energy into heat energy through deformation of the VE layer. CLD has
been used to do this in both active and passive configurations on rotorcraft blades [3],
submarines [2]|, and even construction drywall panels. Within the larger scope of
CLD innovation, the addition of an active component through piezoelectrics has
made the contribution of this technology even greater [4]. It was not until the 1960s
that Ungar et al. [5] were able to formulate equations that quantified the ability of
VE material to augment damping. Further progress since then has been actively
pursued because of the great versatility, and low cost inherent in the method; partic-

ularly in the aerospace field, any benefit that does not come at the cost of weight is



welcomed. Covering the entire vibrating surface was proving to be inefficient [6], and
at times difficult to accomplish on components with curved surfaces. In 1962, Parfitt
showed that damping could be augmented by adding cuts in the VE layer, showing
that weight could be reduced by cutting out sections of the damping layer. This,
combined with research already done on the benefits of constrained VE layers [7],
helped produce the Segmented Constrained Layer Damping method in the early 90s.
This method has demonstrated advantages over the full treated CLD and partial
CLD approaches [8] [3] and was further optimized for beams and plates in research
by Plunkett, Lee [9], and Tian, Wu, Qin [10], and theoretically expanded upon with
genetic algorithms by Al-Ajmi and Bourisli in 2008 [1]. Active piezoelectric damping
in beams and like structures has been thoroughly pursued and validated in research
like that of Baz and Ro [11]. Although Baz and Ro proved that the effectiveness of
the viscoelastic sandwich beam can be substantially augmented with an active CL,
the current research focuses on passive damping methods alone. It has been shown
that CLD can be applied to complex (though arbitrary) structures for increased
damping [12], and this work is a natural precursor to the experimentation with
segmented treatments in this thesis. These segmented CLD treatments, referred to
as SCLD, are even more versatile for structural damping because of the ability to
separate treatments and account for sharp angles and small crevices in vibrating
components. Theoretical studies on optimizing the design of SCLD treatments with
genetic algorithms suggest performance gains that the current work will attempt
to demonstrate with experiments. To that point, research involving applications of

SCLD largely is done in one configuration: transverse displacement in cantilevered



beams and plate models. Identifying innovative ways in which to use SCLD to re-
duce axial vibrations is considered in the second half of this thesis with the goal
of proving the usefulness of SCLD in non-standard applications. Fused Deposition
Modeling (FDM) and Multi-jet Modeling (MJM) have been crucial parts of achiev-
ing the goals of this research, because of their ability to shape complex structures
and damping treatments with high resolution at low cost. Parts that would other-
wise have been glued together can be printed together in an assembly using MJM.
The amount of time and cost saved in reproducing 3D printed samples is immense
when you consider what is spent conventionally machining similar parts. The next
few sections go further in depth into SCLD, FDM/MJM, and how these technologies

were combined to test several different damping configurations.

1.2 Segmented Constrained Layer Damping

Glue-on

dhesive | e
a esive ayer\

Constraining Layer
Viscoelastic Layer

Figure 1.1: Computer Aided Design of CLD Sample. TOP: Tough Constraining

Layer, MID: Viscoelastic Shear Deformation Layer, BOT: Beam Base Layer
Segmented Constrained Layer Damping (SCLD) is a method that has been

proven to increase damping in vibrating structures under certain conditions; these

require specific choice of layer to layer thickness ratios, VE material properties, the



number of segments, and the percentage of surface area covered. In CLD plates,
the surface of the vibrating structure is treated with a VE material and then a stiff
material [2], which increases damping of its oscillatory response to displacement. By
adding a cut (s) through the VE and constraining layers, damping can be increased
further under the right conditions; conditions being control of cut width, number
of cuts, base layer to constraining layer height ratios, the range of shear motion
induced, and relative elasticity between constrained and constraining layers. The
SCLD treatment method involves applying segments or patches of CLD treatment
selectively along a surface, be it a plate or beam. (See Fig. 1.1) The CLD treatment
functions by turning shear strain into heat energy when the composite structure
vibrates. The VE layer is where this process occurs as it is deformed under vibration
between the constraining layer and the surface it is applied to.

When this technology was first being standardized in the 1960s, there were
several terms used to quantify a composite’s ability to dampen vibration. This
parameter that characterizes the dynamics of the structure is commonly called a
damping or loss factor [13], and the former will be used most in conjunction with
”damping ratio” for the rest of this thesis. As previously mentioned, Parfitt showed
that higher loss factors could be obtained by making cuts in the VE Layer. SCLD
treatments take more advantage of the shear strain produced, by creating more
shear angles along the length of the surface where the cuts are made. In contrast, a
standard CLD treated beam would only have two shear sites dissipating energy at
both ends of the beam CL (constraining layer). In Fig. 1.2 [14], the shear angle that
occurs during deformation can be observed. The shear angle, or shear parameter,

4



is used to predict loss factor for simple beams or plates, and in turn damping ratio

for CLD/SCLD treatments in this work.

Figure 1.2: Visual representation of shear deformation in the form of shear angle A

The work in this thesis considers a structure in untreated, CLD, and SCLD
configurations (see Fig. 1.3). The SCLD treatments are effective alternatives to
CLD under certain conditions. Layer Height, Shear Modulus of the VE Layer and
Constraining Layer, SCLD Patch Length, and Cut Placement, are the primary fac-
tors that affect the damping ratio. In this research optimized values for cut location,
layer height, and patch length are drawn from past works [1]. Finite Element Anal-
ysis (done with Siemens NX) is used to determine prime locations for placing cuts

when it is deemed more fitting.

Figure 1.3: CAD Beam Configurations (Left to Right): Untreated, CLD, SCLD



1.2.1 Optimization via Genetic Algorithms

Genetic Algorithms have been used to optimize parameters in the field of
biology [1], but in the research of Al-Ajmi and Bourisli, the number of cuts and
evolution of cut locations along a damping treatment are used to maximize damping
in a cantilevered rectangular beam by application of SCLD. It is important to note
that before genetic algorithms were applied to CLD methods, it had been shown that
a VE patch of specific length, location and thickness could be optimized to maximize
damping of a sandwich beam [15], but the optimization presented here is not of the
three layers present in a sandwich beam, but the two layers (VE and Constraining)
added to an existing surface. A stochastic initial set of cuts is used to initialize an
algorithm, that further iterates by assessing a loss factor generated by an FE model.
The referenced FE model is verified for accuracy in the research of Kung et al. [16]
[17]. The loss factor is the primary means of judging fitness for a given configuration
output [18]. Fig. 1.4 displays two plots tracking the loss factor and the cut locations
respectively for a given spread of constraining layer thicknesses. For a given ho
thickness, there is computed an optimum treatment configuration for a range of
hy thicknesses. The prior research showed that with a genetic algorithm, optimal
values could be generated by controlling physical parameters like cut location and
layer thickness to maximize loss factor. However it has remained to be seen whether
such optimal cut locations and beam parameters can be effective experimentally.
This thesis takes one configuration (referenced in the image) from previous research,

seeking to examine how well the algorithm translates to experimental situations and



compares with other SCLD methods.



‘ApNJs JTOLIMD 9} Ul Pasn ‘PYSLI 91} 0} SOYDIANS oY} Ul

UMOT[S ‘UOTJROO] PUR OZIS ([T)S 99[9S 0} POST 0IoM SoINTY 0M) 9S9Y) WOIJ sIojourered [[]| SwjrIo8re o139ua8 Y3noay) juatt
-yeaq) Surdurep Jafe] paurer)suod-aAlssed pajuowi3das Jo udisop wnwiypdQ  Woij g pur ¢ seInsig Jo sotdo)) :§'T 9Insiq

wn () | 30 ssawpanp Ty 10 5,1y snouma 10) suoneso] sind rundy g DI

(ww) by ‘ssounaiyl soke| Bujuensued

g 8 8 3 & & B 5 8 B 8

ww =gy
ww T =Ty

o
Lot
s o
i
| @l el ez} o e e ® Hw.
oo S.M
o g
ol vy 0wy % E Loy 3
w sv w
[ Sm.
e
ol ool sl s = oo =
]
oL

“JISAR] JNST[0ISTA YT J0J SSADII IIAT] FUITRIISUOD “SA SIOE] 5507 "9 "D

(ww) Ly ‘ssauxd)yy Jake| Bujuensuos
(3 9T z gL L g0 0

§T—=
STT+ §0°0

L'y —=
S
ST
b—
SL0—~
90—~
gc0—+

wr - T— " P co
(ww) zy




1.3 Multi-jet Modeling

Sacrificial
Support Material

Build Platform

Figure 1.5: Visual Representation of Multi-jet Modeling Mechanics

Multi-jet Modeling (MJM) is a form of additive manufacturing that involves
the jetting and ultraviolet curing of photo-reactive liquid. In Fig. 1.5 the primary
components of the process are shown. This method of additive manufacturing is
beneficial because of its very high resolution and material versatility. MJM allows
for the simultaneous printing of different material properties and colors and it is
this ability to print a part with both soft and hard components that makes MJM so
suitable for generating damping treatments. This should shorten the manufacturing
process and ensure that samples have structural integrity and geometric consistency
upon testing. The printer used in this research is the Stratasys Connex Objet500,
and it can reach resolutions of 16 microns, printing materials that can be as stiff as
tough plastics or of comparable elasticity to rubber. The Objet500 employs a print
bed volume of 490 x 390 x 200 mm and generates usable prints within a day or two
depending on the complexity. In this research the MJM technology is compared with

the FDM technology to determine how damping treatments can be more efficiently



and effectively manufactured using 3D printing.

1.4 Axial Vibrations of Rectangular and Sinusoidal Springs

In addition to reducing bending vibrations of slender structures, it can also be
desirable to reduce the axial vibration of slender structures. Here, axial vibrations
of two slender structures or "springs” are considered. One is a simple rectangular
beam that is similar in shape to the cantilevered beam used in the transverse bend-
ing vibration studies. The other has the same cross section, but with a sinusoidal
curvature along its length like the shape in Fig. 1.6. The sinusoidal structures ex-
amined in this research, take advantage of curvature along the length of the beam
to induce greater shear in the VE layers, than in the simple rectangular spring. Be-
cause of this sinusoidal shape in elastic or VE materials more damping is generated
with even very small axial displacements. The use of sinuous structures and VE
materials in concert can add passive damping capabilities to axial springs that sup-
port dynamic loads. The undulating beam will be the main structural component
of the sinusoidal springs (SS) studied in this thesis, drawing inspiration from studies

by Dr. Robert Haynes [19].

10



Figure 1.6: Sinusoidal Spring: Effect of Axial Force on Shape

As the neutral axis is displaced by amount e , as shown in Fig. 1.6 the sinusoidal
spring curvature changes dramatically. Though for stiff materials this change is
minute, the shear stress produced still is useful and will be much greater than the
change in curvature produced when compressing a straight rectangular spring by
same displacement amount e. This produces more shear deformation in a VE layer
attached to the beam’s surface, and in turn, more damping.

In addition, an axial sinusoidal spring when loaded, is subjected to non-uniform
shear forces along its length that suggest that combination with SCLD treatments
may be more effective than CLD treatments. Fig. 1.8 shows a beam that is loaded
in compression with the left hand side fixed. Under a load of 25 kg, regions of large
shear stress develop along the peaks of the beams curves. These same areas are
highly stressed in shear when the beam is axially loaded. Placing CLD and SCLD
patches in these areas is theorized to take advantage of the shear motion induced
by loading, to dampen vibration. For this research, placement of the damping
treatments will consider these areas of high shear stress. Both methods will be used

in testing samples, as is deemed appropriate.
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1.5 Scope of Thesis

This thesis experimentally studies the effectiveness of optimized Segmented
Constrained Layer Damping (SCLD) treatments on beams and sinusoidal struc-
tures. Two methods of building these samples are examined and compared as well.
The evolution of application from beams to sinusoidal structures is studied, and
results, though lacking consistency, show signs of increased damping. This thesis
is meant to compare SCLD methods, while comparing approaches to 3D printing
in the manufacturing process.This will bring concrete evidence to the discussion of
how effective SCLD methods can be in beams and sinusoidal springs, as well as to
the possibilities available with 3D printing and the CLD technology.

With that considered, the thesis is divided into two main phases.

Chapter 2 (Phase 1) will focus on damping treatments of cantilevered beams.
The various CLD and SCLD treatments that are used will be carefully explained,
and the methods of fabrication will be described as well. Relevant factors like
material properties, layer thicknesses, and lengthwise cut locations will be explained
in regards to how they impacted the designs. Analytical methods for extracting
damping ratio like the Log Decrement and Hilbert Transform, will be introduced.
Methods of 3D printing the beam laminates will be experimentally validated, with
positives and negatives from each approach clearly laid out. Finally, information
that proves relevant to the application to sinuous springs will be highlighted.

In Chapter 3 (Phase 2), the focus shifts to the application of (mostly) the same

damping treatments to rectangular and sinusoidal axial springs. The axial spring
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structures are introduced and explained, and exegesis of the various configurations
deployed is given. Several material changes that are distinct from the Chapter 2
experiments are explained as well. The Half Power Method is explained as a tool for
extracting damping ratio from steady state response data, and data from a range of
modes is taken. The damping ratios from the sinusoidal springs are compared with
data for the rectangular axial springs with respect to both the structural impact
and treatment impact. Conclusions, along with potential for future work, drawn

from this are elaborated upon in Chapter 4.
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Chapter 2: Damping Treatments of Cantilevered Beams

2.1 Introduction

In the work of Kress [8], and Bourisli, we find conclusions based on Finite
Element Analysis that support the benefits of different variations to the constrained
layer damping method when used on cantilever beams. Kress showed that evenly
spaced cuts added damping and were in most cases as effective as cuts placed via
optimization (with respect to max bending moment). Bourisli showed that a genetic
algorithm based on the optimization of modal loss factor can be of use in determining
cut placement. This thesis takes these optimization methods to task in a specific
way. As stated earlier, many factors affect the effectiveness of a damping treatment,
be it complete or segmented. Cut width, layer to layer thickness ratio, beam material
properties, viscoelastic material properties, constraining layer material properties,
number of cuts, cut spacing, and the specific application of the damped device all will
affect the performance of the treatment method. This chapter focuses on specific
properties and parameters, comparing predicted FEA optimization-based designs
with both standard and theoretical designs. Using the cantilever beam model that
the optimized configurations are based on, comparison between SCLD application

methods will be made.
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If it can be experimentally proven that FEA based algorithms and optimization
methods are viable, then it is easier for such methods to find mainstream applica-
tions. Testing such methods also helps with refinement and discovery of failure cases
that a computation might not foresee.

Testing the damping treatment methods on cantilever beams is performed so
that general trends can be observed that influence how we look at the vibratory
response of structures with CLD and SCLD treatments. By creating a diverse
sample size (see Fig. 2.12) in regards to which methods are compared, opportunity
is created to assess the effectiveness of 3D printing in supporting the manufacturing
process.

This chapter goes into detail concerning which optimization methods are be-
ing applied, what materials are being used, the manufacturing process, and the
performance measures for each beam. Significant reasoning is provided to support
these choices; challenges and sources of error in the design and experimentation are
discussed as well. Finally, ways that successful treatments can be maximized in the

field are explored.

2.2 MJM Beam Sample Fabrication

2.2.1 MJM Material Properties

A constrained layer damping treatment is generally made of three components:

e Base Beam Layer
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e Viscoelastic (VE) Layer
e Rigid Constraining Layer

In the following sub-sections the materials used to represent these essential compo-

nents are described and supported as to which needs they meet and why.

2.2.1.1 Agilus30

Agilus30 is a multi-jet photopolymer that resembles rubber in tear resistance
and flexibility. Its ability to simulate rubber properties make it ideal for design
validation and prototyping involving viscoelastic materials [20]. Agilus30 is used as
the VE layer in the first set of MJM beams, and with a shear modulus of around 0.4
MPa, in contrast with VeroWhite, which has a shear modulus of around 925 MPA,

provides a good context for testing SCLD.

2.2.1.2 VeroWhite

VeroWhite is a subset of the Vero material class used in the Connex Objet500.
It was chosen because it is the stiffest (shear modulus of 925 MPa) [21] material
the printer deploys, and therefore would produce the highest shear strains in the
Agilus30 VE layer, and more damping as a result. It makes up both the Base Beam

and Stiff Constraining Layers.
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Materials Young’s Modulus (MPa) Shear Modulus (MPa)
VEROWHITE 2500 925.9
AGILUS30 1.265 0.427

Table 2.1: MJM Beam Materials

hl1=1.5 mm
h2 =1 mm

= VeroWhite
= Agilus30

E

| = \eroWhite

w =254 mm

Figure 2.1: MJM Beam with dimensions referenced in Fig. 1.4

The MJM Beam samples were printed each as one piece composed of two ma-
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terials, Agilus30 and VeroWhite. These proprietary materials combine to allow for
high shear stresses in the beam between the two materials. The dimensions derived
from previous research are h; = 1.5mm, and hy = 1.0mm, with L and w being
chosen arbitrarily for the purpose of creating slender beams. The number of cuts
was taken from the optimized configuration based on the work in [1], corresponding
with the highest loss factor for the VE layer thickness of 1.0 mm. The cut width was
chosen to be wide enough so that the 3D printer could craft the features cleanly and
without loose strands of interconnected material. Though the Connex Objet500 is
said to have a resolution that is as high as 16 microns [22], the width of 1.0 mm
was meant to be cautious due to the many ways such a distance can be compro-
mised even in a highly capable machine. At times when a distance is very small
and support material is used, it (the support material or build material itself) can
get clogged in crevices and detailed features of a part where it shouldn’t be. Once

again, the cut width of 1.0 mm was chosen to avoid this issue.
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Figure 2.2: Beam Configurations: Untreated (Top), CLD (Middle), SCLD (Bottom)
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The first round of testing involved three configurations (Fig. 2.2). The un-
treated beam is purely VeroWhite plastic, the CLD beam is completely covered by
a VE layer, and another plastic layer on top, and the SCLD Optimized beam has

cuts taken from the configuration already pictured in Fig. 2.1.

2.3 Guiding Assumption

A general assumption made in the manufacturing of these sandwich beams is

that

E\H}/E3H; < 1.0

This assumption is one of several used by Kerwin [7] when he derived a theory
that predicted the loss factor for constrained viscoelastic layers. For cantilevered
beams, Kerwin’s research has become foundational. It must be noted that the
layer label conventions are opposite of those used by Al-Ajmi and Bourisli, with
hy (previously the top constraining layer) as the base layer, and hs as the topmost
constraining layer. Fig. 2.3 displays the labeling convention used for this assumption.

For VeroWhite,

E1 = E3 = 25GPCL,

and a height of 4.0 mm was selected for hs in order to keep within the range of the

assumption. After applying this and the respective heights we find that.
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EyH?/EsHS = 0.0527 < 1.0

As aresult, a base beam layer of 4.0 mm is used throughout the research except
where otherwise noted. When keeping the material for beam and constraining layers
the same, only the relative heights need be adjusted in order to assure that layers

do not separate due to a disparity in shear strain in the VE laminate.

H3=1.5mm
H2 =1.0 mm
H1=4.0 mm

Figure 2.3: Layerwise Configuration
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2.4 Test Setup

Figure 2.4: Beam Test Setup (Aerial and Side Views)
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In Fig. 2.4 there is a side view of the test setup used to capture the transient
responses of treated cantilever beams. It is included to better show how a clamped
root condition was approached for the beam. The mass of the two bricks was about
20 kg each and they were used to keep the beam root stationary at the time of
impulse. The MTI Microtrak Analog laser is held up using a fixture made with
80/20 aluminum. Fig. 2.5 shows a schematic of the setup, showing how the static
deflection and resulting oscillations are collected as a voltage signal with the data
acquisition device. The image shows the power supply for the analog laser, the laser
itself, and the National Instruments Data Acquisition equipment. Each initial tip
deflection was done by hand and estimated to between 7 to 8 mm in magnitude.
Tests were repeated to make sure that static offsets were kept consistent for each
beam. The laser recorded displacement by tracking changes in voltage and the signal
is recorded and processed using National Instruments Signal Express software at a

sample rate of 25000 Hz and over a period of 5-10 seconds.
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MTI MicroTrak Laser - — 4
| _
— Oscillation due to
I Static Offset

NIDAQ-BNC 2110

* \oltage i :
S Response Signal
converted to
Displacement +25 V Power
Source

* Signal filtered
and analyzed

Figure 2.5: Beam Test Setup Simplified

2.4.1 Approach to Data Analysis

In order to extract damping ratio and other significant information from the
voltage signal, the data is filtered with a 6 Pole butterworth bandpass filter (this cuts
out noise coming from low frequencies). This is followed by a Hilbert Transform (ap-
plied via Matlab function) that produces an envelope around the sinusoid, tracking
overall signal amplitude till the signal decays. The Log Decrement, typically used
as a rough estimate of damping ratio in sinusoidal signals, is implemented repeat-
edly along the duration of the envelope, producing a weighted value for Damping
Ratio (A). This A will be a measure of fitness for each damping treatment. The
damping ratio outputs are plotted in bar graphs and then analyzed from there. The
progression from Data Acquisition to generating images is succinctly captured in

Fig. 2.6.
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Record
voltage
signals from
the
measuring
device for the
duration of
the transient
response.
This is either
a laser(beam)
or an
acceleromete

r(spring).

Pass
oscillatory
signals
through 6
Pole
Butterworth
Filter and trim
off
unnecessary,
obstructive
data points.

HILBERT
TRANSFORM
Method

This takes
successive log
decrements

along the signal
envelope that is
generated for the
data, producing
an average
damping ratio for
the data set.

Plot Damping
Ratio with
respect to
configuration
type,
comparing the
two methods.

Data Acquisition Signal Processing Image Compounding

Figure 2.6: Approach to Data Analysis

2.4.1.1 Log Decrement Ratio

The Log Decrement Ratio is a damping estimate that is calculated using con-
secutive peak amplitudes within a diminishing, oscillating signal. A detailed expla-

nation is contained in Appendix B.
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2.5 MJM Test Results

January 2020

0.12

0.10

0.08

0.06

0.04

0.02

No CLD CLD SCLD Optimized

Figure 2.7: MJM Beam Damping Ratio Histograms (Transient Response)

Fig. 2.7 contains the first set of damping ratios captured from the MJM Beams.
Over the course of the following 7 months, two more tests were taken and compar-
isons done in order to test the materials for temperature dependence. Due to the
beams continuing to cure when exposed to ultraviolet light and a stark difference in
temperature between the test dates, there was a concern that the beam would not

respond in a consistent fashion.
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The red sections in Fig. 2.8 are meant to highlight increases in damping with
respect to the untreated case. Table 2.2 lists the percent increases and helps to

illuminate the large changes in damping ratio from month to month.

Test Date (2020) CLD SCLD Optimized

January 16.67 308.33
March 94.44 288.88
August 8.33 41.67

Table 2.2: Percent Increase in Damping Ratio amongst MJM Beams

2.6  Conclusions

It is clear that the CLD and SCLD Optimized configurations are very effective,
as damping ratio were not only always positive but increasing by up to 300 percent
in one case. However the material properties were not reliable as they are known to
change dramatically with temperature and with this study appear to change over
time. This means that damping treatments made with this technology can not be
trusted to reproduce performance measures if the temperature is not kept constant
across test periods.

There is a need to find how CLD beams can be constructed and tested without

the convenient ”print all at once” approach.
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2.7 Fused Deposition Modeling

Material Material ate

Nozzles

Build Platform

Figure 2.9: Fused Deposition Modeling Graphic

Fused Deposition Modeling is a form of additive manufacturing that involves
the stacking of layer upon layer of very hot, extrudable material upon a build plate.
Each layer (like depicted in Fig. 2.9) is solidified as it cools, so that another layer of
material can be laid. This method of additive manufacturing is beneficial because
of its high resolution, and because of its material versatility. FDM can reach reso-
lutions of 0.25 millimeters, and print materials that are as stiff and brittle as tough
plastics. With this capacity, samples can be generated at a surprising rate at high
accuracy. Complex shapes can be generated in 3D modeling software that would
have otherwise been machined or painstakingly glued by hand. This allows for more
creative ideas and prototyping of how the treatments and structures discussed in this
research can be applied. The Stratasys uPrint SE Plus employs a print bed volume
of 200 x 200 x 150 mm? and is capable of printing batches of samples within a few
hours. The period spent waiting, unlike in most other research processes, can be
spent on analyzing data, forming new hypotheses or other relevant actions besides

machining new parts. Particularly when dealing with adhesive damping materials
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that have to be applied carefully to surfaces, so that the layers align and will not fall
off, the ABS plastic used in the Stratasys uPrint machine is very serviceable. The
3D printing improves recurrence and efficiency in the research process, and precision

of the treatment geometry, while allowing for material versatility.
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2.8 FDM Material Properties

For the method of construction involving FDM printers, intermediate layers

were added to the traditionally 3 ingredient recipe:

Base Beam Layer

Viscoelastic (VE) Layer

Rigid Constraining Layer

Adhesive Tape

In the following sub-sections the materials used to represent these essential

components are described and supported as to which needs they meet and why.

2.8.1 ABS Plastic

ABSPlus is an ABS plastic based compound that maintains most ABS material
properties, while warping less in response to heat [23]. It plays the parts of beam
material and constraining layer material for this research, but its function as a
constraining layer is of primary significance. A constraining layer must be tough
enough to resist the vibration of the VE layer it’s attached to, without being so

heavy that it shears off when the surface shakes at or near resonant frequencies [5].
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2.8.2 Sorbothane

The elastomer used displays low transmissibility (amplification) at resonance,
demonstrating damping superiority [24]. The material is readily available and low-
cost, making it ideal both financially and in the engineering sense, for this research.
It is classified as viscoelastic in this research because of its ability to distribute force
in many directions and deform freely under load, while returning to its original
shape after deformation. It is applied by hand using adhesive tape, for the purposes

of this research.

2.8.2.1 3M 468 MP

At the professional recommendation of sorbothane manufacturers, an indus-
trial grade 0.1 mm adhesive transfer tape was used to bind all primary layers to-
gether, ensuring that each beam would be tightly bonded, strong enough in shear
to provide useful data without falling apart. The tape is and applied by hand after
cleaning the plastic beam and VE layers with professional grade propylene glycol.
As seen in Table 2.3, the material does not have measured values for tensile and

shear moduli due to it’s thinness.

Materials Young’s Modulus (MPa) Shear Modulus (MPa)
ABSPLUS 2200 814.8
Sorbothane 91.00 30.54
468MP Adhesive N/A N/A

Table 2.3: FDM Beam Materials
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2.9 Configuration Designs

1.5 mm ABS Plastic Constraining Layer

0.01 mm Adhesive

1.0 mm Sorbothane VE Layer

0.01 mm Adhesive

4.0 mm ABS Plastic Base
Figure 2.11: SCLD Treatment Layup

Fig. 2.11 above shows a front view of what the generic FDM treatment layup
looks like for this research. The layers are manually applied using the adhesive tape
as a binder. Chapter 1 provided background to the idea of testing different variants
of the SCLD method in order to compare with optimization methods recommended
in past research. The following subsections describe each configuration and how
they were built. The major difference dimensionally between the FDM beams and
the MJM beams is that the beam length had to be shortened to 101.6 mm (or 4
inches), so that the beam footprint could fit on a Stratasys uPrint build plate. No
other dimensions were altered, even after noting that the beam would no longer

be as slender, so that as much similarity between the application of two beam

configurations (FDM and MJM) could be preserved.
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2.9.1 SCLD Even Spaced Beam

In addition to the three primary configurations, the SCLD Even Spaced Beam
was conceived as a foil to the SCLD Optimized beam. The even spaced beam has
the same number of cuts, except they are evenly spaced across the 101.6 mm length.
This hopefully will provide more information about the effectiveness of the SCLD

optimized beam as a truly optimum configuration.

2.9.2 Partially CLD Beam

i

%" (spanwise) Viscoelastic
And Constraining layers

Figure 2.13: PCLD Beam Conception

The Partially CLD (or PCLD) beam is based on modal analysis done on a
model made with Computer Aided Design software. Shear Stress distribution was
taken for the first mode and used as a basis for placing a constrained layer. Fig. 2.13
indicates where the max shear stress is predicted to appear when the beam vibrates
in it’s primary mode, and the partial treatment of the beam surface is the reason
for the PCLD label. The finite element analysis was made to output 10 modes, with
the mode carrying the highest weight in the Z direction (mode 1) being selected for
the stress analysis.
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2.9.3 Thicker 6.5 mm Beam

A thicker, untreated beam was printed from ABS Plastic so that certain design
scenarios could be compared experimentally. The original untreated beam is 4.0 mm,
and all the damping configurations are 6.5 mm thick. The plain 6.5 mm beam is
intended to contrast with these two other categories of beams so that two different
approaches to design can be assessed. Fig. 2.14 separates visually the two scenarios

as:

e Considering adding damping to an existing surface.

e Designing a damping treatment to fit within a constrained volume/thickness.

This can expose situations where the damping treatments are especially effec-

tive.

uLd

— - e

® Adding a damping treatment to an existing surface

@® Designing a treatment layer within a constrained volume

Figure 2.14: Two Design Scenarios Compared
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2.10 Test Results

The materials used in the FDM construction process all maintain their prop-
erties despite changes in time and temperature, and so seasonal test updates are not
provided here, as data did not fluctuate.

Damping Ratios were plotted in bar graphs, per scenario, and then overall.
Similar to the results from the MJM tests, the CLD and SCLD Optimized beams
paced the field. The only two configurations to show an increase in damping ratio
with respect to the untreated beam increased by 74.07 (CLD) percent, and 18.5
(SCLD Optimized) percent. Unlike the previous data, the SCLD Optimized beam
did not have the highest increase in damping ratio, foreshadowing possible errors in
either testing, manufacturing, or the hand-layup assembly process.

The focus when analyzing these values is placed on the percent increase in
damping, rather than the values themselves, due to the vastly different material

properties between the two types of beams (MJM and FDM).
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2.11 Conclusions

Fig. 2.15 only the CLD and Optimized SCLD beams were shown to increase
damping, but the optimized method was severely outperformed. The beams printed
wholly with MJM, although compromised by changing properties, saw higher damp-
ing ratios and percent increases in damping for the CLD and SCLD treatments.

Fig. 2.16, and Fig. 2.17, show side views of two kinds of 3D printing methods
that were utilized. The roughness in construction for the FDM process is visible,
and is certainly a contributing reason why the maximum FDM damping ratio (A =
0.0235) is almost an order of magnitude lower than the maximum MJM damping
ratio (A = 0.098). Even with the massive decrease in MJM material properties, the
results were not comparable. Potential sources of error in the FDM constructed

beams might include:

e Bond strength between essential layers, and adhesive tape layers

e Foreign particles, air bubbles between layers

Overall we see that the MJM printed beams were largely without deformities
or misalignment between layers, and the bonding between adjacent layers was con-
sistent along the beam lengths. The structural excellence produced high damping
values and large increases between the untreated beams and the optimized config-
urations. However the material high sensitivity to temperature, possibly combined
with an ongoing curing process may limit widespread use. With the FDM beams
there is a much longer life span for the samples due to materials that fully cure
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when cooled, however there is much room for debris like hair and dust to pollute
the laminate, and manual construction lends itself to misalignment even with a very

careful eye.

Figure 2.16: Side View of a MJM SCLD Beam

Figure 2.17: Side View of an FDM SCLD Beam

Considering the scenario specific data, we see that when adding damping to
a preexisting surface, or subtracting from a constrained area in order to maximize

43



space, high increases of damping may be possible. This is an important conclusion
because 3D printing provides the opportunity to customize beam laminate cross

sections with high detail.

Figure 2.18: Using Structural Design to Increase Damping

It has been experimentally confirmed, with both fabrication methods, that
the SCLD Optimized configuration is more or as effective than conventional ways of
applying damping. This of course is highly situational, but still a promising result
for the genetic algorithm that produced the model. The next chapter will exper-
imentally test the effect of sinusoidal structures on not only the SCLD Optimized

configuration, but all the damping treatments tested thus far.
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Chapter 3: Damping Treatments for Sinusoidal Strut Springs

3.1 Beam Structure Overview

Max Shear Stress at strut ends and areas
with most curvature

Figure 3.1: Shear Stress Distribution in Sinusoidal Beam

Recall that in Section 1.5, sinusoidal beams were briefly introduced as having
the capacity to augment passive damping capabilities in a treatment. The idea is
that changing curvature in the structures can induce more shear strain in the VE
layer of damping treatments. Studies have already shown that shear deformation in

the VE layer is premium when discussing CLD [25]. In this research, the sinusoidal
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structures are conceptualized and experimentally validated for damping ratios in
order to take advantage of this. The same damping treatments as were used on
cantilever beams will be transferred over to these sinuous structures; this is so the
effect of the curvature can be more properly isolated. In light of this, axial springs
with rectangular cross sections that are initially straight and initially sinusoidal
along their length will be used to test damping treatments. Fig. 3.1 shows more
evidence to support the claim concerning the sinusoidal beam. The CAD beam
is simulated through a static compressive test, and made to show where the shear
stress is distributed along the structure as a result. It can be seen that the areas of
maximum curvature display the highest shear stress. This is the founding principle

expounded upon through experimentation in the following pages.

3.2 MJM Spring Sample Fabrication

The sinusoidal beam used to form the body of the spring is formed in the shape
of the sine wave seen in Fig. 3.2. The exact shape of the sine wave is not essential
for this proof of concept study, only that the curve is sinusoidal, with curvature that
is periodic or balanced along the length. The length of 1 in. (25.4 mm) was derived
from previous work on this shape [19]. The small size also made the springs ideal

for attachment to the electrodynamic shaker platform.
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»
x=0 1in. (25.4 mm)

f = 0.5sin(2pi)

Figure 3.2: Sinusoidal Beam Wave Equation

FLX9795

8.0 mm

Figure 3.3: Sinusoidal Beam Layerwise Configuration

47



Fig. 3.3 highlights a major change to the basic dimensions of the "beam”
portion of our damping treatments. Instead of a 4.0 mm beam base thickness, the
base is 2.0 mm thick. This is a departure from the Guiding Assumption that led
us to choose a beam base thickness of 4.0 mm for the cantilever beam tests. The
research of Al-Ajmi and Bourisli (where the optimization dimensions for hy and hs
were taken from) did not specify a required thickness for hsz, so 2.0 mm was chosen
so that the beam would remain slender (in proportion to the 25 mm length and 8.0
mm width) and so that the beams would not obstruct one another during vibration.
Maintaining a 4.0 mm thickness would have required a much taller spring, which
would complicate printing many copies of the spring, and attaching it to the shaker

platform (only 4.0 inches in diameter).

3.3 Material Changes

1-mmeut
=

B Constraining Layer = 1.5 mm
il . *Transition Layer = 0.1 mm
= VE Layer = 1.0 mm
Transition Layer = 0.1 mm
Beam Layer =2.0 mm

Figure 3.4: Sinusoidal Beam Laminate Composition

3.3.1 RGD8530

RGD8530 was used as a replacement material for VeroWhite in the beam base
layers of each spring. This was done because RGD8530 responded much better to
the heat that is required to push in brass heat set inserts (needed to attach test
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articles to the electro-dynamic shaker) into the spring surfaces. The RGD8530 is
still very stiff [26], producing the shear strains needed to augment the SCLD, but
temperature rated so that it can be manipulated for testing. The hope was also that
with a softer structure, there would be more axial displacement, and as a result more

change in curvature and damping in the beam without reduced stiffness.

3.3.2 FLX9795 (Transition Layer)

The 1 mm cut width was kept the same from the cantilever beam SCLD
approach. One major change in the laminate composition can be seen in Fig. 3.4.
A new intermediate transition layer was added to the MJM and FDM versions of
the beam laminate. For the MJM beam the transition layer is meant to produce a
stiffness gradient between the very stiff base layer and the soft VE layer. For the
FDM beam, the transition layer is not additive, but a label for the 468MP adhesive
tape layer introduced in section 2.8. FLLX9795 is a material that has a softness and
Young’s Modulus [27] that make it a better binder to both RGD8530 and AGILUS30.
This change was made so that the bond between layers would be strong enough to
allow for higher shear deformations in the VE layer. It has been shown in previous
research that even small strains in bonding layers can have a significant effect on
frequency dependent damping ratios [28] so even a small increase in potential here

due to a change in material, can impact results greatly.
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Untreated CLD SCLD Even Spaced

Figure 3.5: MJM Sinusoidal Spring Configurations

Materials Young’s Modulus (MPa) Shear Modulus (MPa)

RGD8530 1400 o971
AGILUS30 1.265 4.27
FLX9795 23.125 8.03

Table 3.1: MJM Spring Materials

The MJM Sinusoidal springs were treated with the same 3 initial configurations
from chapter 1. The print time for one batch of three springs was about 2 days
to account for not only printing but post-processing. It was important that the
springs be printed horizontally so that the beams would have smooth surfaces and
be strong in vertical deflection. The FDM Sinusoidal springs required more manual
labor in lamination of the VE and constraining layers to the base structure. Fig. 3.6
highlights the materials used, and Fig. 3.7 highlights the additional changes required
for springs of all categories and configurations, so that they could bear weight and
be attached to the electrodynamic shaker. The need for a load bearing brass insert
will be elaborated on in the next section, but the base captured in the figure was
necessary so that all tested springs might be secured to the shaker. It is worth

20



noting that the base was also 3D printed using FDM technology.
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Figure 3.7: Modifications Required for Load-bearing and Attachment to Shaker

3.3.3 Rectangular Beam Spring

The Rectangular Beam spring was added as a foil to the Sinusoidal spring
in order to isolate the effect of the sinusoidal structure on the various damping
configurations used. The MJM beams and springs in the research were manufactured
and tested in order to validate the damping methods, and so the variety of damping
treatments, structural configurations seen (including the Rectangular Beam spring),
did not become implemented until the FDM stage of the research. Results from
Chapter 2 have already established the potency of both the traditional CLD, and
the algorithm-generated SCLD treatment, and so reproducing the exact same test
and samples for both printing types (knowing of the temperature sensitivity which
leads to the property-creeping tendency of MJM) is redundant. The experiments of

this chapter are meant to

e Test the SCLD optimized treatment for bending vibrations of a cantilever

structure applied to axial vibrations of a sinusoidal structure
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e Test the structure itself for effectiveness at increasing passive damping ratios

Figure 3.8: CAD Models of Rectangular and Sinusoidal Beam Springs

In Fig. 3.9 all configurations of the Sinusoidal spring, and their rectangular
counterparts, are listed. The 50 mm high springs were made by cutting small pieces
of adhesive tape and sorbothane, and applying them by hand to the 3D printed
springs as each configuration required. The only configurations that differ from
their cantilever beam versions were the PCLD configurations for the Rectangular

Beam and Sinusoidal springs.

3.3.4 PCLD Rectangular Beam Spring

For the PCLD RB Spring, Fig. 3.9 shows that the patches of constrained

VE material were placed at either end. This imitates the PCLD cantilever beam

o4



configuration, where the area of max shear stress in the primary mode of vibration
was covered. This stress-based approach was the basis for placing a PCLD patch at

either end where there is expected to be maximum shear stress.

3.3.5 PCLD Sinusoidal Spring

Because the PCLD design is aimed at addressing areas of maximum shear
stress distribution, and stress distribution is largely affected by structural design,
this Sinusoidal Spring has a very different looking PCLD configuration than it’s
Rectangular Counterpart. Recall Fig. 3.1, where the image shows areas of max
shear stress at the peaks of the sine wave structure. It is at these peaks that the
corners of the damping patches end for this particular configuration. This is so the
highest shear strains will occur at the free ends of each damping patch. Other than
the two aforementioned springs, all damping configurations are the same across both

structural categories.

Materials Young’s Modulus (MPa) Shear Modulus (MPa)
ABSPLUS 2200 814.8
Sorbothane 91.00 30.54
468MP Adhesive N/A N/A

Table 3.2: FDM Hand-layup Spring Materials
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3.4 Spring Test Setup

Accelerometer

. Tuning
Apparatus

Figure 3.10: Electrodynamic Shaker Test

Above in Fig. 3.10, there are several things to note. First is the switch from
analog lasers to accelerometers for measuring voltage. The accelerometers here
offered higher resolution and sample rate than the lasers, which is needed for devices

that are being driven at much higher frequencies. This segues into the next object
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of note in the image. Atop the spring pictured is a contraption made of several
weights. The weights are threaded to the spring via the brass heat insert at its top.
The purpose of the weight (45g) is to place the fundamental frequency of each spring
in a (lower) range that is easier for the electrodynamic shaker to function at [29].
Lower test frequencies also make sampling the output signal much easier. Recalling

the basics of harmonic motion:

w, =\/k/m

where w is fundamental resonant frequency,k is axial stiffness, and m is mass
loading of the spring. From this equation we see that raising m will decrease the
fundamental frequency. Each spring’s frequency was solved for by measuring static
stiffness with a mechanical testing machine. The weight was then used to place
the fundamental frequencies under 500 Hz. This was only an estimate at the static
fundamental frequencies however, as the complex structures proved to make dynamic
frequencies hard to pinpoint. Modal frequencies and charts varied from material to
material (between 150 and 350 Hz).

The electrodynamic shaker was hooked up to a 25 V power supply and an
amplifier that was used to scale the driving amplitude of the input signal. The two
accelerometers trace back to a National Instruments data acquisition system which
in turn was connected to a computer using SignalExpress to record and analyze the
output signal. All tests were ran at an amplitude of 500 mV, which translates to

roughly 1.25 mm [29] peak to peak displacement of the shaker. After each test the
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spring was replaced, with the only (barely) changing variable being the tightness

with which it was screwed into the base plate on top of the shaker.

Accelerometers
(Base Excitation) +25 V Power Source BNC Cables

B

NIDAQ-BNC 2110

| -

LabWorks P
LabWorks ET-139 @ A:: I?ﬁ:wer
Electrodynamic Shaker P

Figure 3.11: Spring Test Setup Simplified

The accelerometers convert acceleration (g’s) into units of volts with 1 g of ac-
celeration producing 10mv of output from the accelerometer. Before finishing each
test, the acceleration array is divided by a value of (w,,)? (taken from the resonant
peak in the output signal, see Fig. 3.13) to convert the accelerations into displace-
ments. This conversion factor comes from the equation of motion convention that
states that acceleration is the second derivative of displacement. Then SignalEx-
press is used to take both the input base excitation and response, and produce a
transfer function representing the output magnitude with respect to one unit of
input. These transfer functions are also known as transmissibility ratios, express-
ing how much of the input signal is transferred to the top of the spring from the
base. The transmissibility ratios/transfer functions are then plotted with respect to

29



frequency in order to understand how the sample responds to base excitation in a

certain direction.

Convert voltage
signal to units of
acceleration

Record voltage
signals for
input, output
accelerometers
over a

Plot
Transmissibility
Ratio with

respect to

frequency range frequency

containing
resonance

Signal Express
computes transfer
function(
Transmissibility
Ratio)

Data Acquisition Signal Processing Image Compounding

Figure 3.12: Approach to Data Analysis

3.4.1 Steady State Response Test

The steady state response test for the MJM springs was done over a frequency
range of 200-500 Hz. The FDM Springs first three modes were located in a frequency
range of 150-350 Hz. Fig. 3.13 shows an example of the transfer function generated
for an MJM Sinusoidal spring. This function is used to compute damping ratio
and to better understand how the structure operates dynamically. The Half Power
Method (to be discussed shortly) is used to estimate damping ratio. The clear peak
shown in the image is an indicator that there is a fundamental or resonant frequency
at that point, and this provides basis for the transient test.
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Figure 3.13: Example of Steady State Response Test for 1st Mode of an MJM
Sinusoidal Spring

3.4.2 Transient Response Test

The steady state test helps you confirm what the fundamental or resonant
(referring to any mode) frequencies are in a frequency range. When this is con-
firmed the samples are then driven at their resonant frequencies and released (see
Fig. 3.14), the decaying vibrations are collected as transient data that can also pro-
vide information about the damping ratio. The Hilbert Transform is used again here
to extract a damping ratio from each transient response signal. These two tests are
used to generate data and compared to one another in order to validate conclusions

about damping ratio and sample performance.

Figure 3.14: Example of Transient Response Test for 1st Mode of an MJM Sinusoidal
Spring
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3.4.3 Half Power Method

The Half Power Method is used in this chapter to numerically extract damping
ratios from transfer functions. It has a high accuracy for damping ratios < 0.05.

The formula is explained clearly in Appendix B.

3.5 Test Results

3.5.1 MJM Temperature Effects

Similar to the MJM beam samples tested in Chapter 2, performance change
with respect to temperature is observed in the three damping configurations applied
to MJM springs. Figs. 3.15, 3.16 and 3.17 help show the stark contrast between
steady state response data taken in March and data taken in August 2020. It is
clear in all three plots that there is a significant change in the shape and amplitude
of the transfer function for samples made with these materials. Like before, the
samples sensitivity to temperature caused properties to change, making this data
unreliable in the long term. In the colder months (January, March) the samples
stiffened and damping ratio increased. As the seasonal temperature increased, so
did the relative change in damping ratio decrease. In spite of this, it can be seen in
Figs. 3.18 and 3.19 that the CLD and SCLD configurations both were very effective
in the initial stages of the sample testing. Tables 3.3 and 3.4 organizes the percent
increases from both test so that a downward trend is more easily noticed as the

samples age. Once again, we can see the effectiveness of the multi-jet modeling
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technology at printing damping treatments, but there is not enough information
to make any conclusions about the structure. The following results help solve this

problem.
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Test Date (2020) CLD SCLD Optimized
March 148.28 62.07
August 68.42 65.79

Table 3.3: Percent Increase in Steady State Damping Ratio amongst MJM Springs

Test Date (2020) CLD SCLD Optimized
March 44.83 96.55
August 0.00 8.10

Table 3.4: Percent Increase in Transient Damping Ratio amongst MJM Springs

3.5.2 FDM + Hand-layup Spring Results

The FDM Springs were tested for a frequency range of 150-350 Hz. This band
contained 3 modes which were used for analysis. Fig. 3.20 shows the delineation
between each mode and the local peaks in each zone of the frequency sweep. The
image shown reflects transfer functions for the Sinusoidal Springs only, but data
was taken for both Rectangular and Sinusoidal configurations overall. Taking data
over several modes helped to better emphasize what could classify as a trend in the

damping ratio data.
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3.5.2.1 Modal Analysis

In this section each mode of the steady state response will be analyzed with

respect to damping ratios that coincide with each configuration or category.

Mode 1 Rectangular Spring Mode 1 Sinusoidal Spring

uuuuuu 2

Transmissibility Ratio

Transmissibility Ratio

——CLD —=-SCLD EvenSpaced -+—PCLD =-e=Untreated -+—SCLD Optimized

Figure 3.22: Steady State transmissibility functions for Mode 1

Rectangular Springs (FDM) Steady State Damping Sinusoidal Springs (FDM) Steady State Damping
Ratio (A) Ratio (A)

Mode 1(187-200 Hz) Mode 1 (178-192 Hz)
c c 0.019
SCLD Optimized _ SCLD Optimized _
SCLD Even Spaced ‘ 0.077 \ SCLD Even Spaced 0.011
PCLD 0.030 PCLD 0.025

Figure 3.23: Steady State Damping Ratios for Mode 1

Fig. 3.23 brings clarity to the transfer functions shown in Fig. 3.22. The green
highlighted cells draw attention to change in damping between the untreated and
SCLD optimized (genetic algorithm) cases. For the Rectangular Beam springs, the
damping ratio doubles from untreated to SCLD Optimized, but for the SS Spring it

increases by a factor of more than 3. The cells highlighted light blue are emphasized
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because they show that the Rectangular Beam spring saw increases in damping for

each treatment, while this was not the case for the Sinusoidal springs.

Mode 2 Rectangular Spring Mode 2 Sinusoidal Spring

~—~CLD ~—=-SCLD EvenSpaced -+—PCLD -e—Untreated -+—SCLD Optimized

Figure 3.24: Steady State transmissibility functions for Mode 2

Mode 2 (225-264 Hz) Mode 2 (242-257 Hz)
Untreated 0.012 Untreated 0.012
CLD 0.012 CLD 0.014
SCLD Optimized 0.015 SCLD Optimized 0.014
SCLD Even Spaced 0.008 SCLD Even Spaced 0.014
PCLD 0.009 PCLD 0.014

Figure 3.25: Steady State Damping Ratios for Mode 2

Fig. 3.25 brings clarity to the transfer functions shown in Fig. 3.24. Mode 2
did not show significant changes in damping ratio for either spring shape, neither

were the changes in damping between treatments noteworthy.
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Mode 3 Rectangular Spring Mode 3 Sinusoidal Spring

——CLD —=-SCLD EvenSpaced ——PCLD -+—Untreated -+—SCLD Optimized

Figure 3.26: Steady State transmissibility functions for Mode 3

Rectangular Springs (FDM) _ Sinusoidal Springs (FDM) _

Mode 3 (268-302 Hz) Mode 3 (280-300 Hz)
Untreated 0.012 Untreated 0.0115

CLD 0.016 CLD ‘ 0.019 \
SCLD Optimized 0.023 SCLD Optimized 0.017
SCLD Even Spaced SCLD Even Spaced
PCLD 0.020 PCLD m

Figure 3.27: Steady State Damping Ratios for Mode 3

Fig. 3.27 brings clarity to the transfer functions shown in Fig. 3.26. Once
again the cells highlighted light blue are emphasized to show significant increase in
damping ratio with respect to the untreated case. Note that for both Rectangular

and Sinusoidal Springs, the SCLD Even Spaced treatment was the least effective.
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Rectangular Springs (FDM) Steady State Damping Ratio (A)

Mode 1 (187-200 Hz) Mode 2 (225-264 Hz) Mode 3 (268-302 Hz)
Untreated 0.013 0.012 0.012
co 0.032 0.012 0.016
SCLD Optimized 0.027 0.015 0.023
SCLD Even Spaced 0.077 0.008 0.011
PCLD 0.030 0.009 0.020

Mode 1 (178-192 Hz) Mode 2 (242-257 Hz) Mode 3 (280-300 Hz)

Untreated | 0.026 | 0.012 | 0.0115 |

CLD | 0.019 || 0.014 | 0.019 |
SCLD Optimized 0.114 | 0.014 I 0.017 |

SCLD Even Spaced 0.011 | 0.014 I 0.014 |

PCLD | 0.025 || 0.014 || 0.0175 |

Figure 3.28: Steady State Damping Ratios: A comparison between Rectangular and
Sinusoidal Springs

In Fig. 3.28, the Rectangular Beam spring ratios are compared with those
from the Sinusoidal Springs. In this instance, the cells highlighted with green are
indicating an increase in damping with respect to the Rectangular Beam version of
that same configuration. This is meant to isolate the effect of the structural change
on the damping ratio for each damping method. By counting the green cells and
the ones that remained the same, one can see that 8/15 damping ratios stayed the

same or increased when the sinusoidal structure was implemented.

3.5.2.2 Conclusions

Looking at first resonance of Rectangular and Sinusoidal Springs:

e The damping ratio for the untreated sinusoidal spring was twice that of the
rectangular spring (0.026 vs 0.013).
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e The GA optimized SCLD treatment had the most impact on the sinusoidal

spring (0.026 increased to 0.114)

e The highest damping on the rectangular spring was 0.077, for the evenly spaced

SCLD.

e Applying CLD to samples by hand is a major source of inconsistency.

Further discussion and conclusions are contained in Chapter 4.
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Chapter 4: Conclusions

Presented in the thesis is an experimental study of segmented constrained layer
damping treatments. The different configurations studied include cantilever and
axial beam testing, with manufacturing driven by two additive methods in Multi-jet
Modeling and Fused Deposition Modeling. A genetic algorithm based configuration
for SCLD is also compared with other constrained layer damping methods, in order
to isolate the effects of the configuration itself from other factors that are native
to all the damping methods used. In addition to testing with cantilever beams in
response to a static offset, the optimized configuration and others are applied to
sinusoidal spring like structures and the effect of these shapes on passive damping

is also analyzed and quantified.

4.1 Beam Experimentation (Phase 1)

Chapter 2 (Phase 1) investigated SCLD damping methods constructed with
two kinds of additive manufacturing. When Multi-jet Modeling was used the damp-
ing methods (particularly the Optimized method from the genetic algorithm) were
effective, being able to increase vibration damping relative to the untreated case

both for vibrations of bending beams and for axially vibrating springs. The FDM +
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Hand-layup method however, did not yield consistent results for the axial Sinusoidal
Springs. The FDM beams included a larger variety of damping configurations and
still the CLD and Optimized SCLD beams were shown to increase damping, but the
optimized method was severely outperformed. This is suspected to be due to the
error that is natural to manual construction process. Beams made with FDM had to
have their viscoelastic layers and constraining layers cleaned of loose particles and
applied with pressure by hand. The inability to match the dimensional precision all
in one process like MJM provides, led to large drop offs in damping ratio. Being able
to use and keep the samples over an extended period was an added positive. Both
construction methods proved that SCLD is generally more effective when applied
with near perfect precision and with the proper materials. Potential sources of error

in the FDM beam construction process include:

e Bond strength between essential layers, and intrusive adhesive tape layers

e Foreign particles, air bubbles between layers
The data showed that the GA optimized SCLD strategy which was designed
for cantilever beams did work well for the Phase 1 study.
4.2 Sinusoidal Spring Experimentation (Phase 2)

From the Rectangular Beam and Sinusoidal Spring damping ratio results, it
is clear that the SCLD Optimized configuration performs better in the first axial

vibration mode of both the rectangular and sinusoidal axial spring structures. This
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confirms at the very least that the genetic algorithm can provide useful SCLD treat-
ments. No clear trend is seen with the Sinusoidal Springs to support the usefulness
of the unique shape. The optimization being intended for beams of specific geomet-
ric properties explains why the same trends seen in the Rectangular Springs do not
appear with the Sinusoidal Springs.

Though much error is due to the manual and inconsistent application of small
layers during construction, past research also suggests that much thinner VE and
Constraining Layers must be in play in order to maximize damping [12]. The incon-
sistency of the data also seems in line with the departure from the guiding assump-
tion [7] of a 4 mm beam base layer used in Chapter 2. Maintaining or increasing
the relative thickness of the base structure with respect to the VE and Constraining
Layers may improve results.

Overall, the SCLD optimization method is effective when applied without
geometrical errors, or weaknesses in the structure. If the MJM materials can be
adapted to maintain their original properties, it will make prototyping and testing
this kind of treatment much easier. For now, building the treatments by hand
is possible but much more care must be taken to the detail of the manufacturing

process, as well as to the impact of key variables like cut width, and beam thickness.

4.3 Future Work and Research Implications

Two potential design scenarios were highlighted in Chapter 2. Their purpose

was to provide situational, practical value to the results. One was a situation where
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the damping treatment is added to an existing surface, and the other was the in-
clusion of a damping treatment within a constrained cross section or volume. From
both perspectives, the FDM method can add significant passive damping capabil-
ities at low cost and without adding much weight. In the case of designing for a
constrained volume, weight may even decrease and depending on the application this
benefit cannot be overstated. 3D printing offers the unique capability of printing
internal damping treatments in difficult to reach places. If a printer is made that
can print multi-material objects that do not change performance with temperature,
it makes such an improvement much easier to implement.

The thesis results need support in the form of predictive models that can
take in physical properties and dimensions (number of cuts, layer length, thickness,
material properties of each layer) and output a damping ratio. FEA models and
numerical models that match the experimentation would increase confidence in the
conclusions made.

In addition, the genetic algorithm designed by Al-Ajmi and Bourisli was tested

in very limited fashion. In the future tests for beams/springs with:

e varying base thickness

e cut width

e varying viscoelastic material

e alternative to weakening adhesive tape layer

e alternate 3D printed materials
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would make conclusions on the algorithm more robust and sturdy.

Research by Guo et al. [30] suggests that there is a connection between the ink-
jetting behavior of MJM and viscoelasticity. This suggests that it is a property that
can be targeted and optimized, greatly increasing the capacity of the technology
to generated fully treated beams specifically for damping vibrations. Also, there
is research suggesting the genetic algorithms can also be used to optimize the 3D
printed structure itself and not just the cut placement or number of cuts [31]. With
the current research confirming that sinusoidal structures can add passive damping
through the use of SCLD treatments, topology optimization is a logical step to take.
MJM looks to be the future, granted the problems with temperature effects can be
solved. In conclusion, the thesis supports not only the genetic algorithm SCLD
configuration, but the effectiveness (or lack thereof) of two additive manufacturing
methods at producing damped beams, while finally, providing hope that sinusoidal

structures can be used creatively to generate more damping from these treatments.
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Appendix A: Material Data Sheets

The following appendix contains relevant material properties that were taken

from available data sheets and used as reference for design and/or in calculations.

A.1 Material Properties

Materials Poisson’s Ratio
Hard Plastic 0.35
Elastomer 0.49

Table A.1: Assumed Poisson Ratio’s

Table. A.1 refers to typical values used in industry for the Poisson’s ratio of
plastic and elastomeric materials. Due to much information on the materials used
for research being proprietary, values like Poisson’s ratio were taken from materials
with similar performance characteristics and scaled minutely when direct values were
not provided by manufacturers [32], [33]. These Poisson’s ratios, along with Young’s
modulus values from various data sheets, were used to calculate Shear Modulus and
to ensure that beam designs aligned with established theory (see Section. 2.3). The

formula for Shear Modulus used here is:
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G = B/(2(1+w)

with G being Shear Modulus and p being Poisson’s Ratio.

A.1.1 VeroWhite

Poisson’s Ratio and other tensile properties are taken from a published source

21].

Materials Young’s Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa)

VEROWHITE 2500 0.35 925.9

Table A.2: VeroWhite

A.1.2 Agilus30

Poisson’s Ratio and other tensile properties are taken from a published source

120].

Materials Young’s Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa)

Agilus30 1.267 0.49 0.427

Table A.3: Agilus30
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A.1.3 ABSplus

Poisson’s Ratio and other tensile properties are taken from a published source

[23].

Materials Young’s Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa)

ABSplus 2200 0.35 814.8

Table A.4: ABSplus

A.1.4 Sorbothane

Poisson’s Ratio and other tensile properties are taken from a published source

[24].

Materials Young’s Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa)

Sorbothane 0.091 0.49 0.031

Table A.5: Sorbothane

A.1.5 RGDS8530

Poisson’s Ratio and other tensile properties are taken from a published source

126].

Materials Young’s Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa)

RGD8530 2400 0.35 925.9

Table A.6: RGD8530
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A1.6 FLX9795

Poisson’s Ratio and other tensile properties are taken from a published source

27].

Materials Young’s Modulus (MPa) Poisson’s Ratio Shear Modulus (MPa)

FLX9795 23.125 0.44 8.030

Table A.7: FLX9795
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Appendix B: Analytical Methods for extracting Damping Ratio

B.1 Log Decrement Damping Ratio

The Log Decrement Ratio is a damping estimate that is calculated using con-
secutive peak amplitudes within a diminishing, oscillating signal. In Fig. B.1 we see

these peak points designated as z; and x».

r = 1x1/Te,

¢ = log(r),

A =c/y/(2m)2c?
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MIM Beam response signals from August 2020

Filtered Signals

Figure B.1: Raw and Filtered Response Signals from Multi-jet Modeled Beams

Successive Log Decrement Ratios are taken along the envelope, then averaged
to produce a single value representing damping for the whole response [34]. Once
again, this value X is what ” Damping Ratio” will be referring to during this research.
Values of A showed no evidence of changing significantly with time for the duration

of the signals.
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Signals + Hilbert Envelope

Segmentsd CLD
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Figure B.2: Filtered Signals after Hilbert Transform is applied

)\signal = (Z )‘k)/n
k=1

Fig. B.3 shows that values of A do not fluctuate much with time. The change
with respect to time is taken over a 0.2 second period where the majority of the
dampening occurs, and an average of all damping ratios taken along a particular
signal is always taken in order to account for the slight inclines that are observed in

the trendlines for each set of ratios.
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B.2 Half Power Method Damping Ratio

The Half Power Method is used in this chapter to numerically extract damping
ratios from transfer functions. It has a high accuracy for damping ratios <= 0.05.

The formula is as follows:

A= (wy —wy)/(2*w,)

While w,, is easily found through the location of the resonant peak, frequencies
wy and w; are found through half-power points. The value of the transfer function
at resonance (wy,) is synonymous to the system being at full power. The Half Power
Method states that wy and w; can be found by taking the values of your transfer

function at half of the full power squared, or:

0.5 % (TRyp)? = 0.707 * TRy,

The line formed by this value will intersect with the transfer function at ws
and wy, and the difference between these two frequencies can be reliably used to
estimate damping ratios that range below 0.05 [34]. Fig. B.4 provides visual aid for
how to apply this method to a transfer function. All steady state damping ratios

henceforth are generated with this method.
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