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(57) Abstract: The invention relates to a non-invasive method for estimation of strain profile and dynamic evolution of the strain at
a location interposed inside a block of soft material, comprising : forming a tracer grid consisting of microscopic lines or regularly
spaced microscopic dots on a single plane buried inside the soft block; preparation of a deformable object embedded with the tracer
grid in three primary steps: i. preparing a block of crosslinked material by crosslinking a first predetermined quantity of a pre-poly -
mer solution containing a monomer, a crosslinking agent, and an initiator and promoter all mixed in a solvent at a known stoi-
chiometric weight ratio, the crosslinking reaction being carried out inside a mold at room temperature or at an elevated temperature,
such that a block of the crosslinked material having one of a flat face and a desired curvature; ii. transferring a grid comprising of
lines or dots onto the face by direct writing or transferring from an easy release surface; and iii. crosslinking a second predetermined
quantity of the same pre-polymer solution on the gel surface, such that this second corsslinked material gets welded to the first one
forming a monolithic block having a plane containing tracer particles embedded inside. Visualizing and recording
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the displacement of the tracer grid when the composite block is subjected to normal, shear or torsional loading or fracture by in-
sertion of an object. The strain field is estimated from the data of displacement of the tracer grid.
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A NON-CONTACT METHOD FOR MEASUREMENT OF STRAIN PROFILE AT

A LOCATION INTERPOSED WITHIN A SOFT DEFORMABLE OBJECT WITH

DYNAMIC EVOLUTION OF THE STRAIN UNDER DYNAMIC LOADING OR
FRACTURE OF THE OBJECT

-1-
FIELD OF THE INVENTION

The invention generally relates to the technical field of deformation and fracture

of soft deformable objects for example crosslinked hydrogel, elastomers. In
particular, the invention relates to estimating displacement and strain profile at a
location interposed within a soft deformable object. More particularly, the
invention relates to a non-contact method for measurement of strain profile at a
location interposed within a soft deformable object with dynamic evolution of the

strain under dynamic loading or fracture of the object.

BACKGROUND OF THE INVENTION

The soft deformable objects are known to have a large number of applicétions,
which normally deform following simple linear elastic laws or deform exhibiting
more complex rheological behavior. The material may be homogenéo’us or
heterogeneous so that the rheological properties may remain uniform or vary
spatially. The material may undergo large deformation to the extent that it can -

undergo fracture.

Determination of deformation and strain profile inside a soft object and the
dynamic evolution of these quantities, during external loading, fracture with an
intru'ding object and deformation due to variety of internal processes are
important for large number of engineering and biomedical applications. Several -
non-contact optical methods are known which essentially involve the use of
tracer particles randomly spread or arranged in an orderly manner in the form of
a rectangular grid on the surface of the object. Deformation of the object results
in displacement of these particles which is visualized optically and recorded using

a video camera fitted with a microscope. In many cases, instead of the tracer
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particles one can use a thin transparent film which results in interference fringes
“when illuminated by light. The interference pattern changes on application of
load on the o'bject which is captured optically and analyzed using an image-
processing software for estimation of displacement including the strain field.
‘Notably, all these known methods are suitable for estimating strain on the
surface of a body. However, many situations, for example fracture of a soft body
drix)_en by an intruding object, demands estimation of the strain field inside the
body, especial'ly that at the closest vicinity of the crack tip. Such knowledge is
important for understanding a local fracfure str_ength of t he material, for dfiving
a propagating crack along a supérior materials with enhanced failure strength
and so on. There is actually no known meth'dd for experimental determination of
- the strain value or strain profile wi_thin bulk-material or over a large volume df
the material. It is in this context that we have presented here the idea of
embeddjng a tracer grid consisting of fine lines or uniformly spaced dots on a
‘single plane embedded insi.de the soft deformable body. We can then subject it
to external or internal tensile/compressiv.e shear stress, or fracture it by driving
an intruder through it. The deformation of this grid in response to the load
prO\'/ide‘s us the estimation of the displacement and strain profile of the material
at that |o_catjon. We have presented below a brief deséription of patents closely

related to the subject of the current problém.

Patent number EP 0783837 B1 describes a method and an apparatus for joining
successive blocks of kneaded dough in order to produce a continuous sheet of
dough. The essence of the cited invention resides in mechanical mixing of

.severalv'pieces of dough without any chemical interaction.
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Patent number EP 1281070 Al teaches methods, apparatus and kits for
~integrally labeling polymeric gels, such as polyacrylamide and agarose gels, with
indicia written'on a polymeric material which bonds to the gel matrix as the gel
polymerizes. The gels are used for electrophoretic analysis of bio!ogicél

molecules like DNA, RNA and proteins.

International patent application published under WO 2008090495A1 describes a
contact-less optical method of measuring strain on a skin surface when a person
is shaving. In essence, the skin of a hurhan being is known to have a pattern and
which is imaged using a digital cémera both in unstrained and strained
conditions. The deflection of the skin is estimated by measuring deflection of the

pattevm.

Patent number US 6431007 describes a non-contact strain measuring method in
which reference lines are drawn on the surface of .low modulus porous material -
by using a fluorescent ink as the dye. The ‘specimen is then viewed under an
optical microscope both in loaded and unloaded conditions. The Poisson’s ratio is

calculated from the strain measurements in two orthogonal directions.

Patent .number US 4781455 describes a method and an apparatus for
measurement of strain by optical technique. In essence, a thin transparent film
of thickness 3-20 um is adhered bn the surface of an object. A beam of light
produces interference pattern when projected onto the object because of
supvermvp}o‘sition of reflected and transmitted light at the boundary surface of the
film. The interference pattern alters depending on ,Ioadin'g on the film which is

analyzed and measured by using an image processing software,
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Patent number US 7377181 describes a method of measuring strain in which a
dot pattern is made on the surface of a test specimen. During loading and
~unloading. of the specimen, the separated distance between -two dots changes

which is measured and used for estimating the strain.

Patent number US 4939368 describes a method and apparatus for measuring
strain of an obje_ct, the surface of which is provided with a diffraction grafing.
'Thé grating is illuminated with radiation including at least two frequencies to
'produce an interference pattern. At least a portion of the interference pa&ern
corresponding to at least one of the frequen_cies is detected and analyied to

determine the strain.

- Patent number US 7779707 describes a Piezoelectric Finger Sensor that acts aé
an “electronic finger” capable of accurately and non-deétructively measuring both
the Ydung’s cbmpression modulus and shear modulus of tissues with gentle
‘touches to the surface, The PEFS measures both the Young’s compression
modulus and shear modulus variations in tissue generating a less than one-
milliﬁeter spati"ai resolution up to a debth of several centimeters. This offers
greét potential for in-vivo early detection of diseases. A portable hand-held

device is also disclosed. The PEF offers superior sensitivity.

SUMMARY OF THE INVENTION '

| Accordingiy, there is provided A non-invasive method for estimation of strain
profile and dynamic evolufion of the strain at a location inter‘pbséd inside a block
of soft material, comprising : forming a-tracer grid consisting of microscopic lines

.or regulérly spaced microscopic dots on a single plane buried inside the soft
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block; preparation of a deformable object embedded with the tracer grid in three
primary steps: i. - preparing a block of crosslinked material by crosslinking a
first predetermined quantity of a pre-polymer solution containing a monomer, a
crosslinking agent, and an initiator and promoter all mixed in a solvent at a
known stoichiometric weight ratio, the crosslinking reaction being carried out
inside a mold at room temperature or at an elevated temperature, such that a
blockvof’ the crosslinked material having one of a flat face and a -desired
curvature; ii. transferring a grid comprising of lines or dots onto the face by
direct writing or transferring from an easy release surface; and iii. crosslinking é
second predetermined quantity of the same pre-polymer solution on the gel
surface, such that this second corsslinked material gets welded to the first one
forming a monolithic block‘having a plane containing tracer particles embedded
inside. Visualizing and recording the displacement of the tracer grid when the
composite‘block is subjected to normal, shear or torsional loading or fracture by
insertion of an object. The strain field is estimated from the data of displacement

of the tracer grid.

The essence of the inventive method is generation of a tracer grid at a plane
embedded within the object. Loading the object externally or internally leads to
deformation of the grid which is visualized and video recorde.dAusing a suitable
camera. The tracer grid is embedded via following sequence of steps namely,
one poftion of the deformable object is prepared by crosslinking a pre-polymer
‘solution; tracer particles or dots or tracer lines are transferred on one face of it.
This face of the gel, which can be flat or curved as desired, is used as a
substrate on which, another portion of the same prepolymer solution is
crosslinked. During this process, the newly formed block of the crosslinked
material gets chemically bonde_d -and welded to the substrate leading to a

monolithic block with an embedded array of particles on a plane interposed
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within the composite block. The usefulness of this embedded tracer grid has
been demonstrated by carrying out several experiments. For example, a fracture
was made on the block by inserting a blunt or sharp bbject through the plane in
which the tracer plane is embedded. The strain profile and its dynamic evolution
in the vicinity of the crack have been estimated by following the displacement of
the tracer grid. In another embodiment of the invention, the plane containing
tracer grid was embedded inside a gel cylinder such that it remained concentric
with the outer curved surface of the cylinder. When the cylinder was subjected
to torsion, the rotational shear strain at the location of the tracer plane could be
estimated by measuring the displacement of the tracer grid. In another
embodiment of -the invention, the tracer grid was embedded inside a soft

indenter as a horizontal plane at the vicihity of its tip.

BRIEF DESCRIPTION OF ACCOMPANYING DRAWINGS

Figure 1 Shows a procéss of preparing a block of gel embedded with a plane

. containing tracer grid.

Figure 2 Shows the result of uniaxial compression of the embedded gel
block. '
Figure 3 Shows a cylindrical block of gel in which the tracer grid is

embedded on a curved _plane.

Figure 4 Shows an experimental concept of punching a block of gel with

syringe needle.

Figure 5 Shows a flat punch driven into a cross-linked block of gel.
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Figure 6 Shows a vidéo images depicting the progress of fracture when a
. block of gel is punchured.
-Figure 7 Shows a grabh depicting normal strain as a function of distance

from underformed surface of the gel.

Figure 8 Shows optical micrograph depicting evolution of regions of tensile

and compressive strain.in the gel.
Figure 9 Optical image showing profile of punching a block of gel.

- Figure 10 Shows the top and side views of a hemispherical ind_enter with an

embedded plane of tracer grid.

DETAILED‘DESCRIPTION OF THE INVENTION

Admittedly, acquiring the information about strain field over the surface of a

deformable object, using tracer dot or particles is well known. The present
invention however provides a process:to quantify .experimentally using. tracer
particlés, the dynamic evolution of a strain field at a location interposed within
the bulk of a soft solid when it is loaded externally or during fracture. Thus, the
‘present invention is developed through combination of the concept of welding
~two blocks of the same crosslinkable material like hydrogel without use of any
second material, and placing a tracer grid on the surface of the crosslinkable
materiat. The hydrogel being optically transparent, it allows visualizatil'on' and
‘recordal of displacement of the tracer particles accurately with the help. of a |
video camera. The inventive proceés'was validated by creating a fracture on such

a block of gel using a blunt object for example, a flat punch, and sharp objects
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for example, hypodermic syringe needles having either a single tip or closély
spaced multiple tips. These experiments have shown that strain profile in the
material evolves differently in these different situations, thus signifying that the
invented method may be an important tool for carrying out material research in
variety of engineering and biomedical applicétions..In another aspect of the
invention, a soft indenter embedded with the t‘racer gird is produced for
estimating the softness or-hardness of a substrate. Although, the invention uses
an optically transparent material to demonstrate the possible applications, with
the use of an infrared camera, it will be possible also to monitor displacement of

the tracer particles interposed within-a opaque object.

Figure 1 shows the sequence of steps depicting the method of preparing a block
of gel embedded with a plane containing tracer grid. Figure 2 establishes that an
uniaxial compréssion of the gel block embedded with-tracer grid can 're_éult in
PoiSSQh ratio and Young's m‘odul_us'of the material of the gel. Figure 3 shows
that a tracer 'grid is embedded on a' curved plane at 'thé bulk o.f a cylindrical block
of gel. Torsion of the cylinder about its axis can yield torsional modulus of the gel

material. . .

Figure 4 shows a schematic of a typicél experiment. (a) An indenter, e.g. a flat
‘bottom punch or a syringe needle is driven vertically down at a uniform speed
into the gel block bonded to a rigid substrate, such that the indenter dfives
thréugh the plané of tracer grid and it remains oriented symmetric to this plane.
The optical micrographs of typical single and double needles are shown in (b)-
(d).(e) Schematic of a typical sample of gel embedded with the plane'of dot
pattern. The needle is driven into the gel ‘such that-it remains symmetric to this

plane.
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Figure 5 shows that a flat punch is driven into a crosslinked block of
polyacrylamide gel through the plane in which the tracer grid remains
embedded. Images A and B show the displacement of the grid because of

| progress in the fracture.

‘Figure 6 depicts a sequence of video micrograph which interalia shows the
progress of .the fracture when a block of gel of modules p=30kPa is punctured
with a single tip‘needle of diameter d=1.2 mm. Optical image A to D represent
time 0, 2, 4 and 6.5 sec respectively. The regions represent respectively the
zones of tensile and compressive vertical strains, ey,. The dotted line represents

the un'-d__eforméd gel surface. The scale bar represents 1.2 mm,

Figure 7 shows Plots a-d representing normal strain e,y as a function of distance
- x from the central axis of the needle, also with respect to vertical distance from
underformed . ,.surface of the gel. Symbols: 0,A,0,0, e and e represent
respectively 4.07, 5.08, 5.82, 7.41, 8.97 and 10.54 mm from the underformed

Vgel surface. Scale bar represents 1.2 mm.

Figgre 8'is a sequence of the optical micrograph showing evolution of regions of
- tensile .and cbrhpressive strain ey, in the gel, when a double tip needle with
'cénstituent tip diameter d=1.2mm and inter-tip gap §=1.2 mm is uséd for
punct’Uring a block of gel of modulus p = 30kPa. Green and yellow color signify,
respectively, zones of tensile and compressiVé vertical strain. Optical micrograph.s

- Ato C represent the strain profile at time 0.0, 5.0 and 8.25 sec respectively.

Optical image of Figure 9 shows e,, profile of puncfuring of a block of gel
(modulus p=30kPa) by a double tip needle with systematically varied gap. A-d
denotes §=1.2, 0.92, 0.45 and 0.0mm respectively. |
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Optical image of Figure 10 shows the top and side views of a hemispherical

indenter with an embedded plane of tracer grid.

ADVANTAGES OF THE INVENTION

1

In contrast to all conventional methods of obtaining strain of a body, the

idea of obtaining deformation and strain profilé at a location buried inside

.a deforrhable object is a novel idea.-

The idea of cbtaining the dynamic evolution of different componenté of

strain at the vicinity of the crack tip inside the body is a novel idea.

The idea of embedding an array of tracer particles in the form of a"grid or
uniformly-spaced dots on a plane which can be embedded inside the body

is a novel idea.

The idea of welding of two separate bodies of the same crosslinkable

‘material without use of any second material as glue is a novel idea.

The ideal of welding of two separate bodies of the same crosslinkable

material for embedding a plane containing the grid of tracer dots or lines.

isa noyel idea.

The-idea of creating gel layer consisting of multiple layers of different

modulus via successive welding of layers is a novel idea.
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The idea of carryihg out fracture of the soft gel through the said plane in

order to visualize and measure the displacement of the tracer particles is a

“novel idea.

The idea of developing tests by using the said gel blocks embedded with a

plane of tracer particles as model material for studymg fracture of similar

- soft obJects is a novel idea.

: The:ideaof' developing tests for examining the ‘effect of cIoSely spaced

cracks driven by multiple objects on the strain field inside a crosslinkable

material is a novel idea.

FUTURE APPLICATIONS

1.

For designing get based optical load sensor for measuring very small loads

- For designing indenters embedded with a tracer grid for vanety of

applications, e.g. measuring local modulus of a substrate

Saféty valves and optical switches

For gel labeling useful for gel electrophoresis purposes

For preparing gel block with discont'inuo'usly varying poré sizes and other

properties for gel electrophoresis purpbsés.
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WE CLAIM :

L

ii.

A non-invasive method for estimation of strain_profile_and_dynamic

evolution of the strain at a location mterposed inside a block of soft

'matenal comprising :

forming a tracer grid consisting of microscopic lines or regularly spaced N

MiCcroscopic dots on a single plane buried inside the soft block;

. preparation of a deformable object embedded with the tracer grid in three

primary steps:

preparing a block of crosslinked material by crosslinking a first

,predetefmined quantity of a pre-polymer solution containing a monomer,

a crosslinking agent, and an initiator and promoter all mixed in a solvent
at'a known stoichiometric weight ratio, the crosslinking reaction being

carried out inside' a mold at room temperature or ‘at an -elevated

temperature, such that a block of the crosslinked material having one of a

flat face and a desired curvature; .
transferring ‘a grid comprising of lines or dots onto the face by direct
wri_tihg or'transferring from an easy release surface; and

crosslinking a second predetermined quantity of the same pre-polymer

solution on the gel Surface such that this second corsslinked materia'l gets

,welded to the first one formlng a monollthlc block havmg a plane

contammg tracer partlcles embedded msnde
Visualizing and recording the dxsplacement of the tracer grid when the

composite block is. subjected to normal, shear or tors_lonal loading or

fracture by insertion of an object. The strain field is estimated from the

data of displacement of the tracer grid.
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2. .T_he method as claimed in claim 1, wherein the soft object is optically
transparent or opaque.
3. The method as claimed in claim 1, wherein the tracer grid is made of ink

of a conventional table top printer, fluorescent dye, microscopic particles,
quantum dots, single or multi-walled carbon nanotubes but not excluding

“others.

4. The method as claimed in claim 1, wherein the tracer grid is embedded on

a flat or a curved surface.

5. The method as claimed in claim 1, wherein a soft indenter is pf_oduéed
which can be used for estimation of softness of fragile materials for

- example, soft tissue but not‘excluding others.

6. The method as claimed in claim-1 wherein the dynamic evolution-of the

strain field at a location buried inside the body is estimated.

7. The method as claimed in claim 1, wherein the change in the strain field

can be estimated because of soft or hard inclusions inside the body.

8.~ The method as claimed in claim 1, which allows estimation of Poisson -

ratio at the bulk of a material.

9. . The method as claimed in claim 1, wherein monolithic crosslinked layer
comprising several layers of similar or dissimilar rheological properties is

‘generated.
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10.  The method as claimed in claim 1 wherein the strain field at a location
buried inside a body can be estimated when an external object or a set of

objects with desired relative spacing and orientation are driven through it
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