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(57) Abstract: The invention relates to a strain gauge of a carrier layer and a meandering measurement grid (101) positioned on the
carrier layer, wherein the measurement grid comprises a number of measurement grid sections placed side by side with gaps in
between, and a number of end loops (106) interconnecting the measurement grid sections at their ends. The end loops at both ends of
the measurement grid extend a length (L, 500) in the axial direction in millimetres of a factor times a ratio between a width of a grid
section and the gap distance, wherein the factor is larger or equal to 1.5. The invention further relates to a method for manufacturing
a strain gauge as mentioned above.
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A STRAIN GAUGE

Field of the invention

The present invention relates to a strain gauge comprising a carrier layer and a meandering
measurement grid positioned on the carrier layer. The invention also relates to a method of

manufacturing such strain gauge.

Background

Strain gauges are the most widely used strain and deformation measurement devices for
metallic materials but are also used extensively for more compliant material such as
polymers and polymer matrix composites, and are applied on materials with a stiffness
ranging from just some Giga-Pascal (e.g. polyester or epoxy with an elasticity module of
approximately E = 3 GPa) to hundreds of Giga-Pascal (e.g. Steel, E =200GPa or UD Carbon
fiber composites of E=100-400 GPA).

The application of strain gauges ranges from material characterization of test coupons with
geometrical dimensions in several millimetres and centimetres up to deformation

measurements on structural components with dimensions of many meters.

A strain gauge in general consists of a metallic grid, which changes its electrical resistance
during deformation. In a typical configuration, the out-of-plane thickness of the grid is in the
order of approximately 5um and is most often made of an approximative 180GPa stiff
constantan alloy. In applications, the strain gauges are bonded to the test sample surface
and the deformation of the test sample is then determined by measuring the changes of the
electrical resistance in the strain gauge together with a calibration factor provided by the

strain gauge manufacturer.

Uni-axial strain gauge models are commonly used in tests or on equipment for the
determination or control of the stiffness of the test specimen or, in general, for the
determination of uni-axial strain. Bi-axial 00°/90° gauges are typically utilized for
determination of the Poisson's ratio of the material, or, in general for measurements of bi-
axial strains at a 90° angle difference. Likewise, bi-axial 45°/-45° gauges are often applied
for the determination of Shear Modulus and strain gauge rosettes are used to determine the
full in-plane strain state.

Experience, and literature, however, report evidence of errors or large inaccuracies in

measurements performed especially on highly and moderately compliant materials i.e. of
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lower stiffness. Some experimental studies have reported different determined elastic
modulus values for identical polymer matrix based composites when comparing strains
measurements from strain gauge with measurements from clip-on extensometers or based
on optical methods. Such deviations are suspected to be caused by the stiffness mismatch
between the strain gauge including a thin metal grid, and the test sample especially when
more compliant, as described in detail in e.g. S. Zike and L.P. Mikkelsen. “Correction of
Gauge Factor for Strain Gauges Used in Polymer Composite Testing”. In: Experimental
Mechanics (2013).

Experimental observations are supported by numerical simulation showing that strains inside
a test material are altered significantly when bonding a strain gauge onto the test material
surface. The strains locally in the test sample are reduced due to local stiffening where the
deformation is constrained just below the strain gauge. Thereby, lower strains are transferred
to the strain measuring grid. For sufficiently thick test coupons, the main contribution
lowering the measured strain values is believed to arise from edge effects making the testing
material deforming more in front of the metal grid and less under the grid. These edge
effects are furthermore seen to become more pronounced for shorter strain gauges. This
effect is sometimes referred to as the reinforcement effect.

Experimental measurements as well as numerical simulations show that for a strain gauge
calibrated for a 200 GPa stiff material, the error on the measured E-modulus is 2-5% for a 10
GPa stiff biax-composite material and 5-15% for a 3 GPa stiff polymer material depending on

the strain gauge length, and thus quite significant.

This in-accuracy or error of strain gauge measurements due to the stiffness mismatch
between the strain gauge material and the test material may to some extent be reduced by
additional calibrations of a conventional strain gauge on a material with the relevant stiffness.
Nevertheless, for anisotropic composite material this is not practically possible as the
material stiffness is highly dependent on the orientation of the strain gauge on the test
sample. As an example a unidirectional glass fiber composite has an axial stiffness of 35-
45GPa whereas the stiffness in 45 degree is less than 10GPa. Nevertheless, strain gauges are
often used to determine the full stress strain curve of a given material where the strain
gauge is calibrated on one single given material with a given fixed stiffness

Also, the use of correction parameters or gauge factors to reduce the in-accuracy or error of
the strain gauge measurements on anisotropic and/or nonlinear materials is not effective or

practically possible. Because the grid material of the strain gauge shows non-linear effects, a
correction parameter or gauge factor should likewise be non-linear to obtain a more accurate

stress-strain curve determination. This is however rarely taken into consideration in
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experimental measurements as the non-linearity of conventional strain gauges is also highly
dependent on any non-linearity of the material which is tested and measured. As more
compliant materials in general often show significant non-linearity (such as for example
polymers), this problem of non-linearity leading to imprecise correction parameters or gauge
factors is especially prone for strain gauge measurements on generally nonlinear materials

and many anisotropic materials such as reinforced composites.

Conventional strain gauges have further proven to have difficulties in measuring strains of
components comprising an outer superficial layer such as for example a coating layer or
another protective layer. Here, the material mismatch between the outer layer and the main
material of the component influences the strain measurements significantly as soon as the
thickness of the outer layer exceeds in the order of 0.5 mm depending on the material types.
This type of error measurement cannot be countered by calibration factors.

Nevertheless, strain gauges are used to a great extent as strain identification sensors in
composite structures. In addition, the standards often recommend the use of a strain gauge
as the most accurate strain measurement device during mechanical testing of polymer matrix

composite materials.

Description of the invention

It is therefore an object of embodiments of the present invention to overcome or at least
reduce some or all of the above described disadvantages of the known types of strain gauges
by providing a strain gauge with improved performance especially when applied on

anisotropic materials such as composites.

It is an object of embodiments of the invention to provide a strain gauge which yield more
accurate strain or deformation measurements and with no or a reduced dependency of the

stiffness or non-linearity of the tested material.

It is a further object of embodiments of the invention to provide a strain gauge which vyield
more constantly accurate strain or deformation measurements for different types of materials
with elasticity moduli ranging from a few to hundreds of GPa such as for example in the
range of 2-400 GPa.

It is a further object of embodiments of the invention to provide a strain gauge with reduced

edge or reinforcement effects.
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It is a further object of embodiments of the invention to provide a strain gauge which may be

manufactured with few or minimal changes to conventional strain gauge manufacturing.

It is a further object of embodiments of the invention to provide a method of manufacturing a

more precise or accurate strain gauge.

In accordance with the invention this is obtained by a strain gauge comprising a carrier layer
and a meandering measurement grid positioned on the carrier layer, wherein the
measurement grid is arranged such as to measure a deformation in an axial direction of the
strain gauge. The measurement grid comprises:

- a number of measurement grid sections extending essentially in the axial direction and
being placed side by side with gaps in between, and

- a number of end loops interconnecting the measurement grid sections at their ends.
Further, at least a plurality of the end loops at both ends of the measurement grid extend a
length in the axial direction in millimetres of a factor times a ratio between a width of a grid

section and the gap distance, wherein the factor is larger or equal to 1.5.

For a strain gauge of equally spaced grid sections of a fixed width, the total width of the
measurement grid of the strain gauge then equals the number of grid sections times the grid
section width (or wire width) plus the number of gaps (number of grid sections or wires
minus one) times the gap distance.

However, it has been found that the ratio between the width of a grid section and the gap

distance is an important dimensioning parameter in determining the length of the end loops

In general when using a strain gauge, the strain field of the specimen to be measured on is
perturbed by the installation of the strain gauge. This effect is most evident when the
material on which the gauge is installed is more compliant that the gauge itself and is
therefore more evident on e.g. on materials such as Epoxy (Espec = 3GPa versus Egauge =
180GPa) or other polymer materials typically utilized for composites. By the strain gauge
according to the invention, the relatively long end loops have been found to result in a strain
gauge where the strain field perturbations induced by the strain gauge on the material to be
measured on are reduced considerably.

Numerical analyses on strain gauges according to the invention have shown that the
elongated end loops of the strain gauge at both ends of the strain gauge and of a certain
minimum length lead to considerably reduced strain field perturbations in both ends of the
measuring part of the grid in the installed strain gauge, which is sometimes also referred to

local reinforcement effects or edge effects.



10

15

20

25

30

35

WO 2017/009365 PCT/EP2016/066604

Furthermore, this advantage is obtained for test specimens of a wide range of material and of

different material stiffness.

Conventionally, all the parts of a strain gauge except the measuring grid sections themselves
(such as the soldering tabs and the end loops) are preferably made as small as possible in
order to make the overall size of the strain gauge correspondingly small. Contrary to this, the
strain gauges according to the invention have shown to yield far more accurate results by

extending the end loops far beyond what is required to merely interconnect the grid sections.

The relatively long end loops according to the invention have been shown by extensive
numerical studies to result in a strain gauge yielding more precise measurements and with
considerably reduced measurement errors or in-accuracies to a high degree independently of
the material properties of the specimen which is tested. More precisely, the strain gauge
design according to the invention reduces the measurement dependency on the stiffness of
the test specimen significantly. This further leads to a significantly increased precision of the
strain gauge when used on non-isotropic materials such as composites in general as for
example fiber reinforced materials. The more anisotropic the test specimen, the more
advantageous is the use of the strain gauge according to the invention compared to
conventional strain gauges. As an example a unidirectional glass fiber composite has an axial
stiffness on 35-45GPa in the fiber direction but a stiffness in 45 degree of less than 10GPa.
The strain gauge according to the invention is seen to provide considerably more reliable and

accurate measurements in this stiffness range.

Furthermore, the strain gauge according to the invention yields considerably more accurate
measurements especially for more compliant materials. The strain gauge according to the
invention thereby is especially advantageous for use in relation to measurements on
materials of lower stiffness in all or some directions such as for example on most plastic
materials or fiber reinforced composites. Further, as the improved strain gauge according to
the invention is less stiffness dependent, is also obtained a more constant gauge factor or
correction parameter during deformation. Hereby, the strain gauge according to the invention
can be applied to obtain more accurate stress strain curves of test specimens of very
different stiffness properties and also in the case of initially stiffer metallic materials. The
reinforcement members of the strain gauge thus considerably reduce or eliminate an effect

otherwise causing significant errors in material properties determination.

The extended length of the end loops of the strain gauges according to the invention has
furthermore been shown to result in strain gauges vielding far more accurate results as
compared to a conventional strain gauge, when applied to measure strain on components

comprising a relatively thin outermost layer of a different material such as for example a
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coating layer. The improved strain measurements increase the thinner the superficial layer on
the component. This means, that the strain gauge according to the invention are far more
accurate when applied to e.g. composite components such as wind turbine blades or the like,
as such components are both of a relatively compliant material, anisotropic, and often with
an outermost thin protective layer such as a coating.

The carrier layer may comprise a film-type carrier layer, a substrate, or a foil, and may be
formed in total or in part by a resin or a plastic material such as for example Polyamide.

The strain gauge may comprise further layers such as a backing layer, an adhesive layer, or

a protective layer or coating on top of the measurement grid.

The measurement grid may be positioned or placed on the carrier layer by an adhesive or
otherwise bonded to or deposited on the carrier layer. In an embodiment the measurement
grid and or the reinforcement members are positioned on the carrier layer by etching
techniques.

The measurement grid is meandering or arranged in a pattern such as to measure a
deformation in an axial direction of the strain gauge as is commonly known from the
manufacture of strain gauges. The measurement grid is formed from a number of grid
sections extending primarily in the axial direction, placed side by side in an essentially
parallel relationship or slightly zig-zagging, and connected in end loops at both ends of the
measurement grid. The measurement grid may be formed from e.g. very thin wire or thin
strips of metallic film deposited or otherwise positioned on the carrier layer. The wire width of
conventional strain gauges may be in the range of 0.01 mm to 0.1 mm or even smaller. The
grid sections are placed with gaps in between or a distance apart. The grid sections in the
measurement grid may be placed uniformly in the entire or parts of the measurement grid.
In an embodiment all the grid sections in the measurement grid are placed with
approximately the same spacing. In another embodiment the strain gauge comprises a
central portion wherein the grid sections are placed with approximately the same spacing.
The end loops may attain different shapes such as rounded, rounded at one end, or

rectangular.

The wire sections are conventionally placed as close as practically possible without touching
in order to minimize the resistance changes of the measurement grid caused by other
deformations than those in the axial direction, which are to be detected and measured. The
grid sections may be placed with a wire distance or gaps in between in the range of 0.01-

1.00 millimeters, such as for example in the range of 0.02-0.5 millimeters.
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The advantageous effect of the elongated end loops as described in the previous has been
demonstrated in numerous numerical studies both when compared to strain gauges with

normal end loops and to strain gauges with a broad range of end loop lengths.

The end loops may advantageously be formed completely or in parts by the same material as

the grid sections, which may be advantageous during manufacturing.

The end loops of increased length according to the invention work by increasing the stiffness
at the end regions of the strain gauge acting as a sort of a reinforcement member. The
length of the end loops is proportional to the ratio between a width of a grid section and the
gap distance. Hereby, the reinforcing effect of the end loops is increased proportionally to the
relative stiffness of the measuring part of the strain gauge. I.e. the effect of e.g. doubling the
width of the wires (without changing the gap distance) is balanced by doubling the length of
the end loops. Correspondingly, shorter end loops are needed for a strain gauge with

relatively longer distances between the wires.

Numerical analyses have shown that an end loop length measured in millimeters of a factor
times the ratio between a width of a grid section and the gap distance, wherein the factor is
larger or equal to 1.5 yield strain gauges with the previously mentioned advantages. It has
been observed that the length of the end loops in the axial direction affects the measurement
accuracy of the strain and that an increased efficiency of the strain gauge is obtained for
longer end loops. Furthermore, the numerical analyses have shown an approximate
relationship between the end loops yielding markedly improved strain gauge measurements
and the ratio between the width of the grid section and the gap distance times the above
mentioned 1.5 and for a number of different strain gauge length. More precisely, for grid
section lengths spanning from 1.5 mm to 10 mm. The effect is believed to be comparable for
both longer and especially shorter strain gauges as the optimal end loop length is seen to be
relatively independent of the absolute length of the measurement grid sections for a constant
ratio of the wire width to the gap distance.

In an embodiment of the invention, the end loops extend a length in the axial direction of at
least 1.5 mm. Hereby is obtained that the end loops act to reinforce the strain gauge such as
to considerably reduce the local effects arising from the stiffness mismatch and thereby
reducing the stiffness dependency of the strain gauge correspondingly.

In an embodiment, all the end loops of the measurement grid extend essentially the same
length. Hereby a strain gauge is obtained of a uniform total length across the width of the
strain gauge and which can be manufactured with only minor modifications to the

manufacturing of a conventional strain gauge.
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According to a further embodiment of the invention, the thickness of the end loops is
essentially the same as the thickness of the measurement grid sections. This may be
advantageous from a manufacturing view point, as the end loops can then advantageously be
manufactured from the same foil or from a foil of the same type as the measurement grid
sections or be applied by the same manufacturing processes. It is a further advantage that

the end loops then do not increase the overall thickness of the strain gauge.

In an embodiment, at least some of the end loops extend a length in the axial direction of at
least the ratio between the grid section width and the gap distance times a parameter, the
parameter corresponding to 1.5 mm plus a percentage of the length of the grid sections, and
wherein the percentage is in the range of 10-50%. The percentage may in an embodiment be
in the range of 15-30%, such as for example of approximately 15%. It has been observed
that the extension of the end loops in the axial direction affects the measurement accuracy of
the strain and that an increased efficiency of the strain gauge is obtained for longer end
loops. Furthermore, it has been observed that if longer measurement grid sections are
chosen for the strain gauge, then correspondingly longer end loops are likewise to some
extend more effective. A more precise strain gauge may thus be obtained when the lengths
of the end loops in the axial direction are also chosen in dependency to some degree of the
length of the measurement grid sections. The end loops have been seen to advantageously
have a length given as a function of the length of the measurement grid sections, where the

function is an approximately linearly increasing function.

In an embodiment of the invention, the the end loops extend a length in the axial direction in
the range of 0.5- 5.0 mm for the ratio between a width of a grid section and the gap distance
in the range of 0.9-1.1. In an embodiment the end loops extend a length in the axial
direction in the range of 1.0-2.5 millimeters for the ratio between a width of a grid section
and the gap distance in the range of 0.9-1.1

In an embodiment of the invention, the measurement grid has a length in the range of 1.00 -
15.00 mm , and wherein the end loops extend a length in the axial direction in the range of
0.5 - 5.0 mm, such as in the range of 1.0 - 4.5 mm, such as for example 1.5, 2.0, or 3.5
mm. The measurement grid in one embodiment has a length in the range of 1.25 - 10.00
mm, such as for example 1.50, 3.00, or 10.00 mm. In an embodiment the end loops extend
a length in the axial direction in the range of 1.0 - 4.5 mm, such as for example 1.5, 2.0, or
3.5 mm. The above mentioned intervals of measurement grid length and end loop length

may be combined.

A large number of numerical analyses were performed primarily based on numerical models

of six commercially available strain gauges sold by the manufacturer HBM under the names
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HBM Y series — S.G. Types 1-LY11-1.5/120, S.G. Types 1-LY11-3/120, and S.G. Types 1-
LY11-10/120, and S.G. Types 1-LY11-1.5/350, S.G. Types 1-LY11-3/350, and S.G. Types 1-
LY11-10/350 and based on the data of these strain gauges are as given by the manufacturer
in the table in figure 27 and as measured with reference to the table in figure 28.

Based on these data, numerical tests were performed with different sizes of reinforcement
member for the different sizes of the measurement grids of the strain gauges and their ratio
between wire width and gap distance. Based on these analyses, the above mentioned

dimensions for the end loop length were found to be especially advantageous.

In an embodiment, an end loop has a width in a direction transverse to the axial direction of
approximately the gap distance plus two times a width of a grid section. Hereby, an end loop
can be manufactured as simply an extension of the grid sections without any gap between.

Such shape of the end loops simplifies the manufacturing of the strain gauge.

In an embodiment, at least some of the end loops have an essentially rectangular shape.

Such shape of the end loops simplifies the manufacturing of the strain gauge.

In a further embodiment, the ratio between the end loop length and the grid section width is
greater than 30. Sone strain gauges have been reported to have increased creep behaviour
when the end loops are longer such as for exampleup to 8-10 times the wire width. However,
the numerical analyses have shown that by even longer end loops, such that 30 times or
more longer than the wire width, is obtained a strain gauge with the advantage of
significantly lower measurement error over a wide range of material stiffness’ from 4-200GPa

as described in the previous.

In an embodiment, the strain gauge further comprises at least one soldering tab integrated
with at least a portion of the measurement grid. Further, the soldering tab may be placed at
one end of the strain gauge next to the end loops at that end. Hereby is obtained that the
positioning of the soldering tab does not increase the overall length of the strain gauge any

further.

The invention further relates to a method of manufacturing a strain gauge according to the
above wherein the method comprises the steps of forming a meandering measurement grid
of a number of grid sections extending essentially in an axial direction and placed side by
side with gaps in between, interconnecting the measurement grid sections at their ends with
end loops, wherein at least a plurality of the end loops at both ends of the measurement grid
are formed to extend a length in the axial direction of a factor times the length of the grid
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sections, and times the ratio between a width of a grid section and the gap distance, wherein

the factor is larger or equal to 30%), and positioning the measurement grid on a carrier layer,

The advantages hereof are further as described in the above in relation to the strain gauges
according to the invention. Further, the strain gauge may hereby be manufactured simple
and fast using conventional manufacturing techniques from strain gauge manufacturing. The

measurement grid can for example be formed by deposition or etching.

Brief description of the drawings

In the following different embodiments of the invention will be described with reference to

the drawings, wherein:

Fig. 1A shows one of the prior art strain gauges HBM Y series - S.G. Types 1-LY11-3/120 or
S.G. Types 1-LY11-3/350 used for comparison to embodiments of strain gauges according to
the invention,

Figs. 1B-C illustrate strain gauge for indication of different strain gauge parameters,

Figs. 2 and 3 show tables of the parameters of commercially available strain gauges HBM Y
series - S.G. Types 1-LY11-1.5/350, 1-LY11-3/350, and 1-LY11-10/350 used as reference

strain gauges for comparison to embodiments of strain gauges according to the invention,

Fig. 4 shows the measurement error of the prior art reference strain gauges as a function of

test specimen stiffness,

Fig. 5 shows an embodiment of a strain gauge according to the invention with elongated end

loops,

Fig. 6A shows the measurement error of the strain gauge of figure 5 for different lengths of

the end loops and compared to the reference prior art strain gauge of figure 1A,

Fig. 6B shows an enlargement of the results of figure 6A,

Figs. 7A and B show the strain field around a strain gauge on a test specimen for a

conventional strain gauge and a strain gauge according to the invention, respectively,
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Fig. 8 shows how end loop length affects the strain distribution in a single wire of the grid in

a strain gauges,

Figs. 9-10 show the measurement error of strain gauges with grid section lengths of 1.5 mm

and 10 mm, respectively, and for different lengths of the end loops,

Figs. 11A and B show the measurement error of strain gauges with different wire width but
constant ratio of wire width to wire gap distance, and for different lengths of the end loops,

Figs. 12A-C show the measurement error of strain gauges with a ratio of wire width to wire

gap distance of 2, 1, and 2, respectively, and for different lengths of the end loops,

Fig. 13 shows the measurement error of a strain gauges of reduced out-of-plane thickness,

and for different lengths of the end loops,

Figs. 14A and B show the measurement error of the strain gauge of figure 6 and modified to
have a measurement grid length of 1.5 mm, respectively, and for different lengths of the end

loops,

Fig. 15 shows the improved and optimal end loop length as a function of the length of the

measurement grid,

Figs. 16A and B show the measurement error of the strain gauge of figure 6 as applied to a

test specimen of three different thicknesses,

Figs. 17 and 18 show the measurement error of the strain gauge of figure 6 as applied to a
test specimen with an outer thin layer of a polymer coating or a bi-axial material,
respectively, and as a function of the thickness of the outer superficial layer, and

Fig. 19 shows an embodiments of a strain gauges according the invention with soldering
tabs.

Detailed description of the drawings

Figures 1A and 1B show two typical strain gauges 100 as known from prior art and for
measuring deformations in the axial directions 103 of the strain gauges. Figure 1B shows
commercial available strain gauge as available from the company HBM and sold in different
types with the parameters as given in figure 2. In figure 1C is further shown a schematic
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drawing of a strain gauge 100 indicating the different parts and characteristic parameters of
a strain gauge. The strain gauges comprise a measurement grid 101 of a grid length 102, /,,
(called a in figures 1B and 2) and overall width b, and is placed on a carrier layer or foil (as
indicated in figure 1B and with the dimensions ¢ and d). The measurement grid 101 is
meandering and comprises a number of interconnected grid sections 104 placed side by side
with gaps 105 in between. The gap distance, wg, and the width of the grid sections or wire, w
are indicated in figure 1C. The grid sections are connected in end loops 106 of a length, /, in
the axial direction 103. The shape of the end loops may vary and in some cases be more
rounded off than the rectangular shape indicated in figure 1C. The strain gauges all comprise

solder tabs 107 which in these examples are both placed on one end of the strain gauge.

A large number of numerical tests were performed primarily based on numerical models of
the three commercially available strain gauges sold by the manufacturer HBM under the
names HBM Y series - S.G. Types 1-LY11-1.5/350 and S.G. Types 1-LY11-3/350, and S.G.
Types 1-LY11-10/350, and variations hereof. Numerical analyses were also performed on
strain gauges of the S.G. Types 1-LY11-XX/350 - series which only differ from the above -1-
LY11-XX/120-series by the out-of-plane thickness of the measurement grid. The data of
these strain gauges are as given by the manufacturer in the table in figure 2 and with
reference to the schematic drawing in figure 1B. Additionally, the grid spacing or gap
distance, wg, the width of the grid sections or wire width, w, and the end loop length, /, of
these three strain gauges were measured. The measured values are given in the table in

figure 3.

These three strain gauges 1-LY11-1.5-/350, 1-LY11-3-/350, and 1-LY11-10-/350 differ
mainly by the length of the measurement grid of 1.5 mm, 30 mm, and 10 mm, respectively,
and are used throughout the study as reference strain gauges and used in comparisons to
embodiments of strain gauges according to the invention. These strain gauges were chosen

because most common strain gauges have a grid length in the range from 1.5 mm to 10 mm.

In the numerical analyses, the strain gauges are made of Constantan (isotropic with a
Elasticity module E=180 GPa and Poisson ration of 0.3), and the carrier layer has material
properties corresponding to a Polyamide polymer (isotropic with a Elasticity module E=3.1
GPa and Poisson ration of 0.41) and with a thickness of 0.045 mm. The thickness of the
measurement grid is 15 um and the grid spacing or gap length between adjacent grid
sections in the measurement grid is 0.03 mm, 0.03 mm, and 0.1 mm, for the three different

strain gauges, respectively.
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The performance of the prior art reference strain gauges of figures 1A, 2, and 3,, and of
different measurement grid lengths L, has been investigated and figure 4 shows the
measurement error 200 of the strain gauges as a function of test specimen’s Young Modulus
(elasticity coefficients) Ematerial, 201 ranging from 1 GPa to 200 GPa. As can be seen from the
graphs, all three strain gauges show very significant measurement errors especially for the
lower stiffness coefficients. The more compliant the test specimen is, the more the
measurement error increases. The measurement error is found using a gauge factor
calibrated on a 200 GPa stiff material similar to what is done for the state-of-the-art strain

gauges.

Note, that the numerical analyses shown here in figure 4 were performed on the strain
gauges of figures 1A, 2 and 3, however with the solder tabs 107 removed for the purpose of
reducing the size of the Finite Element model used in the analyses. Analyses of strain gauges
with solder tabs were initially performed for comparison, demonstrating that the effect of

removing the solder tabs 107 in the FEM were insignificant.

Figure 5 shows an embodiment of a strain gauge 100 according to the invention. The strain
has the same material properties and measurement grid dimensions as the strain gauge of
figure 1A and the HBM Y series S.G. Types 1-LY11-3/350 (second rows in the tables in figure
2 and 3) except for the length I, 500 of the end loops 106. The strain gauge according to the
invention of figure 5 comprises end loops 106 interconnecting the grid sections or wires 104
which at both opposite ends of the measurement grid 101 extend a length I, 500 in the axial
direction 103 of the strain gauge, wherein the end loop length is significantly longer than for
conventional strain gauge designs. In this embodiment, the distance d is approximately the
same as the grid spacing, but could in other embodiments be larger. The reinforcement
members extend a length L .«i,r, 302 in the axial direction.

Parameter studies have been conducted of the performance of the strain gauge with different
length 500 of the end loops. Figure 6 shows the measurement error 200 of the strain gauge
of figure 5 as a function of test specimen elasticity Eaeriai 201 and for different lengths of the
end loops |, 500 of 0.3mm, 0.75mm, 1.0mm, 1.5mm, 2.0mm, and 2.75mm, respectively.

The same results are shown in figure 6B zooming in on the lower measurement errors 200.

For comparison is also plotted the measurement error of the prior art strain gauge without
elongated end loops of [=0.1mm of figure 1A. As can be seen from the curves, the strain
gauge design with three times longer end loops than normal (I=0.3 corresponding to a ratio
between the end loop length and the width of the wire of I/w=10) yield an improved
performance however not significantly improved. Increasing the end loop length of the strain

gauges, considerably more such as for example to 0.75mm (corresponding to 25% of the
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length of the grid section or a ratio between the end loop length and the width of the wire of
I/w=25) vield, however significantly and considerably lower measurement errors especially
for the more compliant test specimen materials. In this way the long end lops act to
considerably reduce or remove the local effects from the stiffness mismatch between the
strain gauge and the test specimen. The obtained strain gauges hereby may be used to
obtain far more accurate strain or deformation measurements and with no or a reduced

dependency of the stiffness or non-linearity of the tested material.

The numerical results showed that a small negative measurement error 200 occurred for the
end loop length 500 increased above a certain limit. The optimal length 500 in this case was
determined to be of approximately 2.00 mm corresponding to the second lowest curve 600
marked with rhombs.

Prior art strain gauges are known with elongated end loops such as suggested in EP 1033561
with the alleged effect of reducing the creep. However, these prior art strain gauges only
show end loop lengths in the range of I/w=3 to I/w=10, where I/w is the ratio between the
length of the end loop and the wire width. Compared to the strain gauge used in the
numerical solutions of figures 5 and 6, these ratios would correspond to end loop lengths of
1=0.09 and 1=0.3, respectively. Such end loop lengths are seen to be too short to vield the
desired effect of reduced measurement errors for a wide range of material stiffness’s of the

specimen on which the strain gauge is to measure.

Figure 19 shows an embodiment of such strain gauge according to the invention with a
suggestion of how the soldering tabs 107 of the strain gauge could be placed relative to the
measurement grid and the end loops. In this embodiment, the soldering tabs are placed next
to the end loops at one end of the strain gauge whereby the soldering tabs need not make
the strain gauge longer. In an embodiment, the two soldering tabs could be placed next to

the end loops at opposite ends of strain gauge.

Figures 7A and B show the strain distribution in the specimen 700 underneath the strain
gauge and in the strain gauge 100 itself, for the conventional strain gauge of figure 1A and
for a strain gauge according to the invention of figure 5, respectively, and resulting from the
numerical simulations of the present study. The specimen material is a relatively low stiffness
material with a stiffness of E=10 GPa. The darker the colour, the lower strain.

From figure 7A can be seen how the mere presence of the strain gauge influences the strain
distribution not only in the specimen beneath the strain gauge but especially inside the

measurement grid of the strain gauge lowering the strains in a large portion of the
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measurement section considerably. This results in the strain gauge detecting and measuring

lower strains than correct.

From figure 7B can be seen that the end loop reinforcement obtained by the significantly
longer end loops yields an opposite strain gauge effect of larger strains in the ends of the
measuring grid sections and levels up to the correct strain value in the major portion
centrally in the grid. Hereby, the strain gauge experiences and measures an overall strain
much closer to the strain actually imposed on the specimen. In other words, the specimen

and the measurement wires are for the major part affected by the same strain.

Figure 8 shows the strain distribution 802 in a single wire of the grid as a function of the axial
position 801 along the wire, and for different end loop lengths 500. The positions 800 mak
the transition from the grid section to an end loop. These plots likewise illustrate how the
longer end loops causes a limitation in the altered area underneath the end loops resulting in
a more homogeneous and precise deformation in the wires. The longer the end loops, the

more positive and even strain within the grid sections in the measurement grid.

The figures 9 and 10 show numerical results on strain gauges of a measurement grid length
Ly, 102 of 1.5 mm and 10 mm, respectively, and corresponding to the prior art strain gauges
of the types HBM Y series — S.G. Types 1-LY11-1.5/350 and S.G. Types 1-LY11-10/350 with
data as in the first and third row in the figures 2 and 3, and for different end loop lengths
500. The results in figure 9 are thus for a strain gauge of half the length of the measurement
grid length, Ig, 102 (of 1,5 mm), whereas the strain gauge used for the results in in figure 10
has a relatively longer length of the measurement grid length, Ig, 102 (of 10,0 mm). The
plots in figures 9 and 10 show the measurement error 200 of the strain gauge for different
lengths of the end loop length |, 500 and as a function of the stiffness Enateria, 201 of the test
specimen. The corresponding result for the reference prior art strain gauges with un-
extended end loops as given by the data in figure 3 are also shown in the figures for
comparison, as well as the relatively short end loop designs (of I=0,2 mm and 1=0.8 mm,
respectively corresponding to a ratio between the end loop length and the wire width of
I/w=10). It is clear from the figure 9, that even though the absolute value of the
measurement error 200 may be higher than for the LY-3 mm case (as shown in figure 6) the
trend is the same. The optimal end loop length of the strain gauge seems to be obtained by
an end loop length of approximately |=1.25 mm. Longer end loops appear to result in an
under estimation of the Young’s modulus for some values of the test specimen stiffness and

may therefore be less desirable in some applications.
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For the strain gauge of the larger size with a measurement grid length, 102 of 10mm (S.G.
Types 1-LY11-10/350 with longer end loops) the optimal end loop length 500 was determined
to be of around 3.0 mm, as can be seen from the results of figure 10.

From figures 6, 8, and 9 can be seen that a much improved strain gauge design with
considerably lower measurement error on a wide range of specimen’s stiffness values from 3
to 200 GPa is obtained with end loop lengths from about I=1.0mm, I=1.0mm, and I=1.5mm,

respectively.

In figures 11 A and B are shown numerical result on how changing the ratio between the wire
width, w and the gap distance, w 44 affects the optimal end loop length of the strain gauge
according to the invention. Figure 11A shows the results from the S.G. Types 1-LY11-3/350
strain gauge with and end loop length of I=2.0mm corresponding to the opptimal lenght as
identified from figure 6. Figure 11B shows the measurement error, 200 for three different
end loop lengths, |, 500 and with both the wire width and the gap distance halved. The ratio
between the wire width, w and the gap distance is thereby kept constant, w g4, W/W grg =1.
The results indicate that the optimal end loop length does not change significantly when
changing the wire width and the gap distance between the grid sections as long as the ratio

between the wire width and the gap distance is the same.

On the other hand, the optimal end loop length changes when the ratio between the wire
width and the gap distance is changed. This can be seen from the results in figure 12A-C
which are conducted on the same S.G. Types 1-LY11-3/350 strain gauge only modified to
have three different wire widths of w=0.06mm, 0.03mm, and 0.015mm, respectively. Hereby
the ratios between the wire width and the gap distance for the three different plots are w/w
oia =2, 1, and 0.5, respectively. The plot in figure 12B is identical to the plot in figure 11A,

only repeated for easier comparison.

Observing firstly the plot in Figure 12C, can be seen that decreasing the wire width leads to
lower values of the measurement error for the 2.0 mm end loop (compared to the results of
figure 12B), but however reduces the measurement error to negative values. The optimal
value for the end loop length is therefore approximately |=1.0mm for w/w 44 = 0.5.
Similarly. Figure 12A shows that the optimal end loop length is increased by increasing ratios.
Due to limitations in the finite element model size, the optimal length was not established.

In general, the results indicate that the optimal length of the end loops is proportional to the
ratios between the wire width and the gap distance. If the ratio is doubled, the optimal length
of the end loops seems to be doubled as well. This observation is consistent with the

observation that the elongated end loops act as reinforcement on the measurement area of
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the strain gauge. Therefore, if the stiffness of the strain gauge measurement area is
increased (for example by increasing the wire width relative to the gap distance between the
wires or by increasing the length), the stiffness of the reinforcement member formed by the
end loop should be increased correspondingly to yield the same or comparable low

measurement error.

Figure 13 show the results of changing the out-of-plane thickness of the strain gauge, i.e. of
the grid sections as well as of the end loops. Increasing the length of the end loops results in
a similar significant reduction of the measurement error 200 over a broad range of test
specimen stiffness’ 200 as seen in the previously discussed analyses. Further, comparing to
figure 6, the optimal end loop length seems to be unchanged by the out-of-plane thickness of
the strain gauge being reduced. Further, keeping the end-loop length constant but halving
the strain gauge out-of-plane thickness (thickness) yields a little larger effect (i.e. a lower

measurement error) on the more compliant test specimen materials.

Figures 14A and B show the effect of reducing the length of measurement grid, i.e. of the
grid sections, I, 102. The analyses perfomed on the S.G. Types 1-LY11-3/350 strain gauge
were repeated with the grid section length reduced to Iy =1.5 mm, i.e. with 50%. The results
in figure 14A are identical to the results in figure 6A only partly repeated here for ease of
comparison. The results indicate a weak scaling of the optimal end loop length as a function
of the length of the grid sections.

In figure 15 is shown the optimized end loop length I, 500 as a function of the length of the
measurement grid lgq, 102. Further is indicated a number of end loop lengths, which the
numerical analyses have indicated to be significantly advantageous in reducing the
measurement error, indicated with solid vertical bars. As indicated in the figure, the analysed
strain gauges had different ratio of the wire width to the gap distance w/wg,, . The results
show and demonstrate the general teaching that the optimized end loop length increases
with the length of the measurement grid of the strain gauge and with the ratio of the wire
width to the wire gap distance. In other words, more stiff end loop regions are advantageous

to reduce the local effect with longer measurement grids of the strain gauge.

Figures 16A, B, and C show the even more advantageous effect of applying the strain gauges
according to the invention with long end loops for thinner test specimens. In general, the
thickness of the test specimen has a predominant influence on the reinforcement effect
resulting from the use and application of a strain gauge on the test specimen during
measurements. Figures 16A-C show the resulting measurement error for the strain gauge
with a measurement length 201 of 3 mm (the S.G. Types 1-LY11-3/350 strain gauge) as

reference or standard and as improved with end loop of a length of I=2.0 mm. The test
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specimen is modelled to have a Young’s modulus of 10GPa. For the reference strain gauge
with standard end loops, the results show no substantial difference between a test specimen
with a thickness of 30 mm (figure 16C) an a thickness of 4mm (figure 16B). For a thickness

of 2 mm (figure 16A), the measurement errors are higher.

The strain gauge design according to the invention with relatively long end loops of I=2.0 mm
(compared to the length of the measurement grid sections of 3.0 mm) yield considerably
lower measurement errors 200 for all three thicknesses of the test specimen and even for the
thinner test specimen give strain measurements that are at least comparable to the ideally
thick test specimen. Similar results were obtained with strain gauges of a measurement
length of 1.5 mm and 10 mm. These results indicate that the advantageous effect of
considerably reduced measurement error are also present for thinner test specimen or test

samples.

Often, composite components comprise an outer relatively thin layer such as a polymer
coating or another pliable material as for instance a biax. Such layer is sometimes referred to
as a superficial layer and is often applied to protect the inner fibres of the composite
structure. When a strain gauge is secured to the outer surface of such component for
measuring, the superficial layer however affects the measurements of the strain gauge, even

for thin outer layers.

Figures 17 and 18 show the results of a strain gauge according to the invention as applied to
a test specimen comprising an outer superficial layer. The material of the main portion of the

specimen has material properties of a UD Glass fibre.

In figure 17, the test specimen was modelled to comprise a very thin layer of material of
E=3GPa to represent the glue underneath the strain gauge, or paint, or other chemical
treatment to the surface. The thickness of this superficial layer was varied from 0 to 1.9 mm.
The determined measurement errors, 200 are displayed in figure 17 as a function of the
thickness of the coating layer and for the standard reference strain gauge design (S.G. Types
1-LY11-3/350 strain gauge) and as improved with end loops of lengths of I=1.5 and 2.0 mm.
The results clearly demonstrate significantly lower measurement errors with the strain
gauges according to the invention and far more precise results especially for the more thick
coating layer.

In figure 18, the test specimen was modelled to comprise a very thin layer of material of
E=10GPa to represent a bi-axial layer placed as the outermost layer of the component. The
thickness of this superficial layer was varied from 0 to 3 mm. The determined measurement

errors, 200 are displayed in figure 18 as a function of the thickness of the coating layer and
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for the standard reference strain gauge design (S.G. Types 1-LY11-3/350 strain gauge) and
as improved with end loops of lengths of I=2.0 mm. As with the coating layer of figure 17,
the results clearly demonstrate significantly lower measurement errors with the strain gauges
according to the invention and far more precise results especially for the more thick
superficial layer.

While preferred embodiments of the invention have been described, it should be understood
that the invention is not so limited and modifications may be made without departing from
the invention. The scope of the invention is defined by the appended claims, and all devices
that come within the meaning of the claims, either literally or by equivalence, are intended to
be embraced therein.
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CLAIMS

1. A strain gauge comprising a carrier layer and a meandering measurement grid
positioned on the carrier layer, wherein the measurement grid is arranged such as to
measure a deformation in an axial direction of the strain gauge, wherein the measurement
grid comprises:

- a number of measurement grid sections extending essentially in the axial direction and
being placed side by side with gaps in between, and

- a number of end loops interconnecting the measurement grid sections at their ends,
wherein at least a plurality of the end loops at both ends of the measurement grid extend a
length in the axial direction in millimetres of a factor times a ratio between a width of a grid
section and the gap distance, wherein the factor is larger or equal to 1.5.

2. A strain gauge according to claim 1, wherein the end loops extend a length in the axial

direction of at least 1.5 mm.

3. A strain gauge according to any of the preceding claims wherein all the end loops of

the measurement grid extend approximately the same length.

4. A strain gauge according to any of the preceding claims wherein the thickness of the
end loops is approximately the same as the thickness of the measurement grid sections.

5. A strain gauge according to any of the preceding claims wherein at least some of the
end loops extend a length in the axial direction of at least the ratio between the grid section
width and the gap distance times a parameter, the parameter corresponding to 1.5 mm plus
a percentage of the length of the grid sections, and wherein the percentage is in the range of
10-50%.

6. A strain gauge according to any of the preceding claims wherein the end loops extend
a length in the axial direction in the range of 0.5- 5.0 mm such as in the range of 1.0-2.5
millimeters for the ratio between a width of a grid section and the gap distance in the range
of 0.9-1.1.

7. A strain gauge according to any of the preceding claims wherein the measurement
grid has a length in the range of 1.00 - 15.00 mm, and wherein the end loops extend a

length in the axial direction in the range of 0.5 - 5.0 mm.
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