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Objectives of this presentation

= To list and compare the different commercially available instruments for
the viscoelastic characterization of materials and biomaterials,

= To give examples in the context of shear wave elastography calibration,
in term of:

» Large frequency range,

» Small deformations,

» Adaptation to soft biomaterials and soft biological tissues testing
*» Feasible tests
s Samples preparation
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Dynamic Mechanical Analysis (DMA) Systems : Principle
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Deformation modes available in DMA systems

Moving part
- Static part
I sample E E
Medium Soft Samples
(kPato MPa)
ﬂ Compression Sljea’r’
depending on the sample (E’, E”) (G, G)
Rigid samples (MPa to GPa) E E

— 1

Dual cantilever

il A A
(E, E") Single cantilever _ 3-point bending
Tension

(E,, E”) , ” E,, E”
DMA: Deformation modes (E’, E") ( )
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DMA: Samples Dimensions

TA Instruments Q800 Tension

|

Compression

i
-

Bending

<

- | T
T T=upto 10 mm
T=upto4 mm D =15 mm or 40 mm
W =10 mm
L=10 mm L
W
T
[Limitations in the context of SWS calibration ) : ‘o
L=4 mm to 50 mm T
» More adapted for rigid materials T=5mm _
) ) ) W = up to 15 mm T=2mm
> Not adapted for very small strain without pre-deformation| W = up to 8 mmr
» One modality for G’, G” measurement L=5to 30 mm

N

\> Cannot reach high frequencies due to system inert@

DMA : Samples dimensions
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Oscillatory Rheometry : Principle

Moving plate Basic relations:
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Static Plate

Deformation modes : Rotational Shear
Sample stiffness: Pa to kPa

Torque sensor

Sample Dimensions
D
Gmitations in the context of SWS calibration \ < >

> More adapted for fluid testing QI T

» Cannot test rigid samples
D = 20T to 28T

» \Very sensitive to the sample geometry (surface
flatness, thickness) and pre-stress D =20 mm T=0.71-1 mm

Q Cannot reach high frequencies due to system inertia/ D =30 mm T=107-1.5 mm

D =50 mm T=1.73-2.5mm
Rheometry
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Origin of the frequency range limitation for the DMA and
rheometer instruments

« Sample-holder resonance
« Sample resonance
* Instrument resonance mm,

Laser vibrometer (1

cycling loading
Signal amplitude (log.dB) ,/

/

1y
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L]
7

!
(-
ElectroForce 3200

(Bose)

[1] Placet, V.; Foltéte, E., Is Dynamic Mechanical Analysis (DMA) a non-resonance technique?, ICEM 14 — 14th
g 2 g International Conference on Experimental Mechanics, Poitiers, France, EPJ Web of Conferences, Volume 6,
Frequency limitation [ysissgeds

l’ Frequency of cycling loading (Hz) 40
. Signal frequency (Hz)
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Time-Temperature Superposition (TTS) principle
G'A
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To>T;>7,>T,
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 |ndirect measurements

Hypothesis:
*“Thermorheoloqically” simple materials

| . W U

— >
fo fi frequency

The material presents a similar G A Master curve of G’
behavior for different temperatures

Assumption not valid for biomaterials and
biological tissues!23-27]

- >
fo fi fmex  frequency

[23] M. van Turnhout et al., Passive transverse mechanical properties as a function of temperature of rat skeletal muscle in vitro, Biorheology, vol. 42, no. 3, pp. 193-207, 2005.
[24] N.T. Wright et al., Denaturation of collagen via heating: an irreversible rate process, Annu.Rev.Biomed.Eng, vol. 4, pp. 109-128, 2002.

[25] E. Tornberg, Effects of heat on meat proteins - Implications on structure and quality of meat products, Meat Science, vol. 70, no. 3, pp. 493-508, 2005.

[26] M.Z. Kiss et al., Investigation of temperature-dependent viscoelastic properties of thermal lesions in ex vivo animal liver tissue, J.Biomech., vol. 42, no. 8, pp. 959-966, 2009.
[27] E. Sapin-de Brosses et al., Temperature dependence of the shear modulus of soft tissues assessed by ultrasound, Phys.Med.Biol., vol. 55, no. 6, pp. 1701-1718, 2010.

TTS
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Hyper-Frequency Viscoelastic Spectroscope (HFVS) : Principle

Samples & Holders Measurement of the
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HFVS: Samples Dimensions

RheoSpectris C400
(Rheolution)

| |
| |
| |
| |
| |
| |
| |
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D — | |
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container for | I T 5
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I L I L=6 mmto 66 mm
T<L/17
I I W=T
| |
I bk I
' | D¢ I
1 T=3to12 mm I L
: ?-N>Z4fll_T : L=6 mm to 66 mm
D=9.5mm I - | D<L/17
L=76 mm | |
1 1

HFVS: Samples dimensions
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Commercial Instruments

Stiffness
range

DMA
systems

Frequency
range

Compression (E’, E”
100 Pa* to GPa

T ¢
# i 'T 10 pHz to 150 Hz

—)

ElectroForce 3200
(Bose)

0.01 Hz to 200 Hz 1kPa* to GPa

Q800
(TA Instruments)

Up to 100 Hz kPa* to GPa
ELECTROPULS
(Instron)
. Shear mode (G’, G”)
) -y 1 kPa* to 1GPa
\ -, : Shear mode:
AR - 0.01 Hz to 1000 Hz Tension/compression
(', E”)
\L Bending/tension/c 0.1 MPa* to 30 GPa
ompression

DMA/SDTA861e g 41 14, 19300 Hz  Bending (E’, E”)

(Mettler Toledo) Up to 500 GPa

Rheometer
systems

Physica MCR
(Anton Paar)

ARES-G2
(TA Instruments)

HAAKE MARS
Thermo Scientific)

Kinexus
(Malvern)

* Depending on the sample, the strain rate and the frequency range.

Frequency

range

0.0159 pHz
to 100 Hz

0.0159 pHz
to 100 Hz

1 pHz
to 150 Hz

10 pHz
to 100 Hz

Stiffness
range

Shear (G, G”)
mPa to kPa*

Shear (G, G”)
mPa to kPa*

Shear (G, G”)
mPa to kPa*

Shear (G, G”)
mPa to kPa*

Stiffness
range

Frequency
range

HFVS

Shear (G, G”)
10 Hz 10Pa to 1 MPa
to 2000 Hz

Bending (E’, E”)

1MPa to 500 GPa

RheoSpectris C400
(Rheolution)

Rheolution inc.: www.rheolution.com

Bose : http://worldwide.bose.com

TA instruments: http://www.tainstruments.com
Instron : www.instron.com

Mettler Toldeo: ca.mt.com

Anton Paar: www.anton-paar.com

Thermo Scientific: www.thermoscientific.com
Malvern: www.malvern.com
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Applications in the literature : Elastography

DMA
(Q800, TA Instruments)

Shear L
Validation of MRI elastography on agar samples by

ﬁ using a DMA instrument!2(3]

Agarose gel with concentrations ranging from 1.5to 3.5% in 0.5%
(sample dimension: 5.5 mm x 10 mm % 1-2 mm)L3!

Gels with agar concentration of 2%, 2.5% and 3%

120
(sample dimension: 5.5 mm x 10 mm x 1-2 mm)[2

100 l——}-— % L T

100
£ w0 ——1.5%

E & 2 g W 7 2%
& 80 4 T, o ;: }‘ ........... } ----------- {’ '''''' . 25%
x o o —— 1mm thick 1% gel ; 60 I o
E " | —o— 2mm thick 2% gel ? I 1 1 i o
= —a— 1mm thick 2.5% gel a0
E % 2mm thick 2.5% gel e e \
= —m— 1mm thick 3% gel % e
8 "| e 2mm thick 3% gel .
» 5 15 25 35 45 55

Frequency (Hz)

0 20 40 60 80 100 120

F H
requency (Hz) [2] Qingshan Chen et al., ‘ldentification of the testing parameters in high frequency dynamic shear

measurement on agarose gels’, Journal of Biomechanics 38, 959-963, 2005.

. . [3] Stacie I. Ringleb et al., Quantitative Shear Wave Magnetic Resonance Elastography: Comparison to a
Ap pl |Cat|o ns : D MA Dynamic Shear Material Test, Magnetic Resonance in Medicine 53:1197-1201, 2005.
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Applications in the literature : Elastography

DMA
(ElectroForce 3200, Bose)

- In vitro viscoelastic characterization of canine liver
Ll using a DMA instrument!4!

I

Compression Canine liver (fresh or after thermal ablation)
P (sample dimension: 20 mm in diameter, thickness around 5 mm)!

il
i 110 E TTTT] T T T T T T 1T T L T T
L —=— & Lesion, 90 °C, 10 min

[ —o— £ Lesion, 990 °C, 10 min
r —— ' Warmal
'II'J‘EI e —— 7, Normal

=
E']f]"‘.'— o —n—h—-0-o -0 _:
l':'-] il — ‘__j.__.,——I‘——i—lfl—.L‘l J_
) J- T n_ﬂ.-ﬂ--I-ﬁ“&% J_
T a0
1 g ﬂ__——I—\ﬂ'_-ﬂ_ﬂ'____J__ ]
(a)
]DE I I' I- 1 I .
ot 10" 10 1

/(Hz)

5 5 [4] Miklos Z Kiss et al., Viscoelastic characterization of in vitro canine tissue, Phys. Med. Biol. 49, 4207-4218,
Applications : DMA X
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(Physica MCR, Anton Paar)
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Rheometer

G!
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Rotational shear
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Applications in the literature : Elastography
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Validation of MRI elastography on bovine liver using a
rotational rheometer instrument(]

Bovine liver (sample dimensions: 50 mm diameter and a slice thickness of 0.9-2.4 mm)

[Liver tested at 1°C to avoid clotting]

| 4°C bovine, MRE (m) |

| 1°C bovine, rheometer (+) |

| 12°C bovine, MRE (0) |

| in vive human, MRE (X) |

| 22°C bovine, MRE (+) |

loss modulus G "[kPa]

Applications: Rheometer

10

20

frequency af(2n) [Hz]

30

l 1
40 50 60 7O

2,0 T T —
G”
101 B
' |
|_
- H
1 1
0.5 | 1
0.2 I 1 1
2 10 20 30 40 50 60 7C

frequency af(2m) [Hz]

[5] Dieter Klatt, Viscoelastic properties of liver measured by oscillatory rheometry and multifrequency
magnetic resonance elastography, Biorheology 47, 133—-141, 2010.
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HFVS Applications in the literature : Elastography

(RheoSpectris C400,
Rheolution)

Hyper-frequency viscoelastic spectroscopy of
biomaterials and elastography phantoms [}

Polyvinyl alcohol cryogel (PVA-C)
(samples dimensions: 9-14 mm diameter, 70-80 mm long)

a Frequency (Hz)

| 10 100 oo (Small strain :1.8%)
105y~

L N
*é

RheoSpectris (n=5)

Rheometer(n=5)

1 ﬂq E

éiiiii?iiiiiiifff,f!rq%

i

;{ii§§$ifff}

1 10 100 1000
o (rad/s)

. . [6] A. Hadj Henni et al., Hyper-frequency viscoelastic spectroscopy of biomaterials, J. Mech. Behav. Biomed.
Appl (=Nl Ia M IRAT Mater., 4(7):1115-22, 2011.

[}

G', G" (Pa)
...

1 ﬂ?.
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® G'-Gelatin 10% Gelatin 10%

Example HFVS of gelatin using  1e+4; 4 G"-Gelatin10%
. ¢  Kramers-Kronig prediction of G' - Gelatin 10%
RheoSpectris C500 .
»Measurement of complex shear modulus of commercial *““"“
gelatin at three different concentrations: 10%, 20% and 30%. = W o
] ) o © le+3 N M
= Conformity of measurements to the causality principle (Kramers- am S
Kronig)[21.22l:; ? - 0
» Kramers—Kronig: bidirectional mathematical relations “.“'
connecting the real and imaginary parts of G’ and G”, N
» Verify the causality: measurements where the output depends  1e+2 : : :
on past and current measurements but not future inputs. 200 400 600 800 1000
Frequency (Hz)
® G'-Gelatin 20% i 0 ® G'-Gelatin 30% I 0
A G"-Gelatin 20% Gel atin 20 A) le+5 ; A G"-Gelatin 30% Gel atin 30 /0
¢ Kramers-Kronig prediction of G' - Gelatin 20% ¢ Kramers-Kronig prediction of G' - Gelatin 30%

le+d W m::“MM
le+t4 ® R JITIWYTI pasaassd

g g
= A A -
G [G) A
et ‘a M o3 A,
O le+3 ; [ ha
o © le+3 |
A
le+2 T T T T , le+2 : . . : ,
200 400 600 800 1000 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)

o o . [21] Rod Lakes, Viscoelastic Materials, Cambridge University Press, (2009).
A p p | I Cat I O n S * H FVS [22] Ferry, J.D., 1980. Viscoelastic Properties of Polymers. John Wiley & Sons, New York.
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Conformity of measurements to the causality principlel?1.22]

B G"(B)

132 w2

G(a))—G(OO)——P ap

Comparison of the measured storage moduli (G’) with the calculated storage moduli predicted from the
measured loss moduli (G”) using the Kramers-Kronig relation
le+5

G' - Gelatin 10%
Kramers-Kronig prediction of G' - Gelatin 10%
G' - Gelatin 20%
Kramers-Kronig prediction of G' - Gelatin 20%
G' - Gelatin 30%
Kramers-Kronig prediction of G' - Gelatin 30%

G' (Pa)
'—\
D
+
D
O @ O e O e

le+3

200 400 600 800 1000

Frequency (Hz)

. - [21] Rod Lakes, Viscoelastic Materials, Cambridge University Press, (2009).
A p p | I Cat I O n S . H FVS [22] Ferry, J.D., 1980. Viscoelastic Properties of Polymers. John Wiley & Sons, New York.
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Sample Frequency Stiffness range
dimensions range

(8]

(9]

(10]

[11]

[12]

(13]

[14]

[15]

(TA Instruments)
DMA
(Electroforce)

DMA
(Electroforce)

DMA
(Electroforce)

DMA

(TA Instruments)
Rheometer

(TA instruments)

Rheometer
(TA instruments)

Rheometer
(Anton Paar)

Rheometer
(TA instruments)

Overview

shear

compression

compression

compression

shear

rotational
shear

rotational
shear

rotational
shear

rotational
shear

agar

Porcine and canine
liver

Canine liver

(fresh and after
thermal treatment)
human uterine tissue

agar

gelatin

Copolymer-in-oil

agar

polyacrylamide gel,
Agar-gelatin

55*%10* 1-2 mm3

20 mm diameter,
3-5 mm thick

20 mm in diameter,
~ 5 mm thick

Rectangular :
10-20 mm

5.5*10 * 2 mm3

40mm diameter, Imm
thick

20 mm in diameter 3
mm thick

60 mm diameter
2 mm thick

10 mm diameter
4 mm thick

0.1to 90 Hz

0.1to 50 Hz

0.1 to 400 Hz

0.1 to 100 Hz

10 to 50 Hz

1to 80 Hz

0.01 Hz to 3 Hz

10 Hz to 100 Hz

0.1 Hz to 10 Hz

= 10kPa-95kPa

|E*| = 13kPa-45kPa

|E*| = 4kPa-400kPa

|E*| = 35kPa-95kPa

G’ = 15kPa-100kPa

G’ = 1.3kPa to 1.4kPa

G’ ~ 1 kPa

= 4kPa to 30kPa

G’ = 1kPa to 3.5kPa
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Sample Frequency Stiffness range
dimensions range

[16] Rheometer
(Anton Paar)

[17] Rheometer
(TA instruments)

(18] Rheometer
(Anton Paar)

[19] Rheometer
(TA instruments)

[20) Rheometer
(Anton Paar)

[20] HFVS
(Rheolution inc)

Overview

rotational
shear

rotational
shear

rotational
shear

rotational
shear

rotational
shear

shear

Polyacrylamide

Porcine brain

Bovine liver

Porcine liver

Silicone

Polyvinyl chloride
PVA-C

Chitosan hydrogel
Agar—gelatin gel

Silicone

Polyvinyl chloride
PVA-C

Chitosan hydrogel
Agar—gelatin gel

50 mm diameter
1-2 mm thick

20 mm diameter
4-5 mm thick

50 mm diameter
0.9-2.4 mm thick

20 mm diameter
3-5 mm thick

25 mm diameter
0.1-1.5 mm thick

9-14 mm diameter
70-80 mm long

0.5 Hz to 100 Hz

0.1 Hz to 10 Hz

2.5Hzt062.5Hz

0.1 Hzto4 Hz

0.01 Hz to 100 Hz

10 Hz to 1000 Hz

=10 Pa to 20kPa

G’ =400 Pa to 1.4kPa

G’ = 1 kPa to 3kPa

G’ = 320Pa to 600Pa

G’ = 2 kPa to 30 kPa

G’ = 200 Pa to 45kPa
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frequency of the | 1 [ T O I
mechanical 10 Hz
excitation l ] T T TT101T]
| T (7]
| I (6]
DMA <« I (]
| N [10]
| I [11]
(T (1]
E[13]
| N [ 14]
A [15]
Rheometer< | I (16]
A [17]
[T (18]
1[19]
\\ I 20]
HFVS | . [20]

Overview
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