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Introduction

st 



This work presents the design and experimental verification of 3D printed stochastic

lattice structures to enhance the mechanical vibration isolation properties of a robotic

milling support.

The research investigates the possibility of designing stochastic 3D structures employing

the Voronoi tessellation technique, which can easily be incorporated in the design of

critical components that require vibration damping in a lightweight design.
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I n t r o d u c t i o n

Scope



Cellular 
materials
Cellular 

materials

Ordered or 
regular

Ordered or 
regular

TPMSTPMS TrussesTrusses

Stochastic or 
random

Stochastic or 
random

FoamsFoams VoronoiVoronoi

 Cellular materials are characterized by their porous microstructure that is
comprised of solid and void networks
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I n t r o d u c t i o n

Cellular materials



 can be optimized for geometric, as well as mechanical requirements by parameter tuning,

 offer a promising approach for vibration and damping applications, providing efficient
energy dissipation, broadband damping and adaptability to various scenarios, and

 have a high capacity for energy absorption. Due to their random and disordered structure,
they can effectively dissipate energy from vibrations by converting it into heat.

The structures that were fabricated for this research were investigated by focusing on the
optimal combination(s) of geometry and material.
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I n t r o d u c t i o n

Stochastic – Voronoi lattices



Sample preparation and 
characterization

nd



Porosity: 70% Porosity: 75% Porosity: 80%Porosity 0%

 A generative algorithm has been developed, using the add-on Grasshopper of the CAD software
Rhinoceros.

 Porosity defines how much space is absent in the overall volume occupied by the cellular material.
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S a m p l e  p r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n

Design and Porosity



In order to create the mixtures two different types of resins were combined:

 Durable resin: Resione K

 Flexible resin: Resione F69

Four different resin mixtures were used:

 First mixture: 100% durable resin,

 Second mixture: 75% durable resin and 25% flexible resin,

 Third mixture: 50% durable resin and 50% flexible resin and

 Fourth mixture: 100% flexible resin.
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S a m p l e  p r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n

Mixtures: ratios



 The scope is to investigate the effect of the concentration of elastic resin in the
durable resin.

 It was found that increasing the concentration of the elastic resin in the durable resin
resulted in a decrease in the required compressive load to achieve the same
deformation.

Yield strength σ [Mpa]Elastic modulus E [Mpa]

852800Mixture 1

692550Mixture 2

402200Mixture 3

5250Mixture 4
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S a m p l e  p r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n

Characterization



 The specimens were fabricated via additive manufacturing method.

 A Stereolithography 3D printer was used.

 In total, 16 specimens were created (4 different porosity designs combined with 4
mixtures).
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S a m p l e  p r e p a r a t i o n  a n d  c h a r a c t e r i z a t i o n

Specimens

Mixture 4Mixture 3Mixture 2Mixture 1

Mix4-Por0Mix3-Por0Mix2-Por0Mix1-Por0Porosity 0%

Mix4-Por70Mix3-Por70Mix2-Por70Mix1-Por70Porosity 70%

Mix4-Por75Mix3-Por75Mix2-Por75Mix1-Por75Porosity 75%

Mix4-Por80Mix3-Por80Mix2-Por80Mix1-Por80Porosity 80%



Experimental set-ups

rd
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E x p e r i m e n t a l  s e t - u p

Impact testing set-up

The experimental set-up used to
determine the natural frequency and
the damping ratio of the samples:

1. Specimen

2. Impact tool (hammer)

3. Accelerometer (1-axis)

4. Signal amplifier

5. Analog/Digital amplifier
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E x p e r i m e n t a l  s e t - u p

Vibration testing set-up

1.
2.

3.

4.

In order to determine the mechanical
vibration isolation the following set-up
was created:

1. Milling tool

2. Marble piece

3. Specimen (vibration dampener)

4. 3-axis accelerometer
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E x p e r i m e n t a l  s e t - u p

3-axis Acceleration

A 3-axis acceleration module was used
to measure the acceleration in each
axis.

Y

X

Z

Y

X



Data processing and results

th
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

Impact testing results
Damping ratio (𝜁)1st frequency [Hz]Specimen

0.0555071Mix1-Por70

0.0665084Mix1-Por75

0.0704520Mix1-Por80

0.0874269Mix2-Por70

0.0634334Mix2-Por75

0.1203946Mix2-Por80

0.1433303Mix3-Por70

0.0953527Mix3-Por75

0.0913302Mix3-Por80

0.1732112Mix4-Por70

0.2172085Mix4-Por75

0.2391890Mix4-Por80 θtAetx d
δt   cos)(



 For each of the samples, an acceleration-
frequency diagram was developed through
the use of the aforementioned setup.

 The accelerometer module measured and
outputted the acceleration and frequency
values over each axis in a separate
channel.
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

Data processing of vibration results 
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

Acceleration-frequency diagrams: x-axis 2200 RPM 



Mix3Mix2Mix1x @ 0%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

61000.0388700.04810700.0262200

111700.03111700.02973400.0453500

9700.115700.1752700.0335000

Mix3Mix2Mix1x @ 70%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

31000.03841900.019112900.0342200

51700.0251700.01578000.0753500

44000.07664000.03472700.0515000

Mix3Mix2Mix1x @ 75%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

21700.0171500.0224700.0282200

31700.01462600.02551600.0183500

52300.05271500.0224700.0285000

Mix3Mix2Mix1x @ 80%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

8700.06271300.02691300.0492200

41700.02831700.01841600.0263500

31700.02574000.03384000.035000
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

X-axis maximum acceleration results

x - Raw

nf [Hz]g [m s-2]RPM [min-1]

61500.122200

41200.633500

41600.845000
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

X-axis maximum acceleration reductions

Mix3Mix2Mix1x @ 0%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

610068%87060%107078%2200

1117075%1117076%734063%3500

9708%570-42%527073%5000

Mix3Mix2Mix1x @ 70%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

310068%419084%1129072%2200

517083%517088%780038%3500

440037%640072%727058%5000

Mix3Mix2Mix1x @ 75%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

217092%715082%47077%2200

317088%626079%516085%3500

523057%715082%47077%5000

Mix3Mix2Mix1x @ 80%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

87048%713078%913059%2200

417077%317085%416078%3500

317079%740073%840075%5000

x - Raw

nf [Hz]g [m s-2]RPM [min-1]

61500.122200

41200.633500

41600.845000
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

Y-axis maximum acceleration results

Mix3Mix2Mix1y @ 0%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]
61700.028111300.038133700.0332200

101700.08791700.05963400.083500
91700.1251700.1343400.0355000

Mix3Mix2Mix1y @ 70%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]
61700.019106800.025101700.0872200

122100.0974400.04884000.053500
64000.07864000.0861600.0785000

Mix3Mix2Mix1y @ 75%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

54100.02193800.01941300.0232200
74400.0384400.04145000.0783500

54000.07891700.0565000.0795000

Mix3Mix2Mix1y @ 80%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

102300.04371300.02491300.0492200

61700.03455000.0445000.0783500
54000.0361700.04264000.15000

y - Raw

nf [Hz]g [m s-2]RPM [min-1]

81500.862200

81300.253500

51700.895000
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

Y-axis maximum acceleration reduction

Mix3Mix2Mix1y @ 0%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

617097%1113096%1337096%2200

1017090%917093%634091%3500

917086%517085%434059%5000

Mix3Mix2Mix1y @ 70%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

617098%1068097%1017090%2200

1221090%744094%840094%3500

640091%640091%616091%5000

Mix3Mix2Mix1y @ 75%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

541098%938098%413097%2200

744097%844095%450091%3500

540091%917094%650091%5000

Mix3Mix2Mix1y @ 80%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

1023095%713097%913094%2200

617096%550095%450091%3500

540097%617095%640088%5000

y - Raw

nf [Hz]g [m s-2]RPM [min-1]

81500.862200

81300.253500

51700.895000
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

Z-axis maximum acceleration results

Mix3Mix2Mix1z @ 0%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

91000.0537700.065700.0582200

91700.0623400.0926700.0783500

71700.154700.2341600.0585000

Mix3Mix2Mix1z @ 70%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

4700.0966700.02461700.092200

9400.0687400.0464000.0253500

52300.1861700.09851600.0855000

Mix3Mix2Mix1z @ 75%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

4700.0417700.0182700.0682200

6400.06262300.036700.0343500

31700.0986700.12642300.0585000

Mix3Mix2Mix1z @ 80%

nf [Hz]g [m s-2]nf [Hz]g [m s-2]nf [Hz]g [m s-2]RPM [min-1]

41700.037700.058700.0522200

21700.0345400.0581200.0683500

31700.0438700.0641600.0315000

z - Raw

nf [Hz]g [m s-2]RPM [min-1]

6700.1282200

41300.683500

31700.135000
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D a t a  p r o c e s s i n g  a n d  r e s u l t s

Z-axis maximum acceleration reduction

Mix3Mix2Mix1z @ 0%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

910059%77053%57055%2200

917052%34028%67039%3500

7170-17%470-80%416055%5000

Mix3Mix2Mix1z @ 70%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

47025%67081%617030%2200

94047%74069%640080%3500

5230-41%617023%516034%5000

Mix3Mix2Mix1z @ 75%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

47068%77086%27047%2200

64052%623077%67073%3500

317023%6702%423055%5000

Mix3Mix2Mix1z @ 80%

nf [Hz]gnf [Hz]gnf [Hz]gRPM [min-1]

417077%77061%87059%2200

217073%54061%812047%3500

317066%87053%416076%5000

z - Raw

nf [Hz]g [m s-2]RPM [min-1]

6700.1282200

41300.683500

31700.135000



Discussion

th



 Regardless of the specimens’ properties, all 16 specimens reduced the acceleration values, 
when compared to milling without a dampener.

 The damping ratio showed an ascending trend due to the increase of flexible resin in the 
mixture.

 The acceleration values were reduced most at the y-axis. This axis had the highest 
acceleration values without the use of dampeners (this is the movement axis of the milling 
tool).
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Discussion

Discussion



 Mixture 4 was too elastic and produced no results due to specimen bending.

 While mixture 4 was not usable as a specimen, a percentage of the flexible resin in the
durable one raised the vibration reduction beyond that of the mixture 1.

 Mixture 2 showed the best overall performance, especially combined with porosities 75%
and 80%.

 Mixture 3 showed reduced performance on the z-axis, due to its slight deformation which
resulted in a different direction of the applied force.

Presenter: Sofia Kavafaki 28 of 3228 of 32

Discussion

Discussion



Conclusions

th



 The results showed enhanced damping characteristics, which varied according to the
structure geometry and the used materials.

 Based on these results, lightweight vibration damping structures can be incorporated into
the mechanical fixtures of robotic milling.

 The best overall damping performance was achieved from mixture 2, with an optimal
porosity value of 75%, followed closely by 80%.

 Light-weight specimens showed reduced acceleration values. As light-weight objects are
preferred due to lower demand of material, these results show that the light-weight
specimens are clearly advantageous over the bulky ones.
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C o n c l u s i o n s

Conclusions




