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Analytical Modeling of Embedded Load Sensing
Using Liquid-Filled Capillaries Integrated by

Metal Additive Manufacturing
Michaël Hinderdael , Marc Moonens, Julien Ertveldt, Dieter De Baere, and Patrick Guillaume

Abstract— Additive manufacturing (AM) offers new manufac-
turing solutions for the integration of smart functionalities in
engineering structures. In this paper, an analytical model is
presented for an embedded load sensing element based on a
liquid-filled capillary. During the additive manufacturing process,
the capillary is integrated in the region where the strain is to be
determined. The embedded capillary deforms as the structure
deforms under an applied load, as such altering the pressure
inside the capillary. The monitoring of the capillary pressure
allows monitoring the loads and thus usage of the component.
This paper presents a model describing the behavior of the
sensing element under uniform tensile stress. The sensitivity of
the load sensing element per unit longitudinal strain depends on
the bulk modulus of the liquid inside the capillary and the Poisson
coefficient of the surrounding material. The current work further
compares the analytical model against static tension-compression
tests of powder bed fused stainless steel (AISI 316L) test specimen
with an integrated capillary filled with a liquid (water). Similarly,
the validation of the model is then checked against a dynamic
four-point bending test on a Ti-6Al-4V specimen produced by
powder bed fusion.

Index Terms— Additive manufacturing, embedded load sens-
ing, usage monitoring, structural health monitoring, effective
structural health monitoring.

I. INTRODUCTION

SMART structures are capable of detecting the presence
of damage and measuring the loads that are acting upon

them. Such information can be used to estimate the global
health condition of the structure, compare the effective loads
with the design loads and forecast the remaining useful
lifetime (RUL) of the structure under analysis. With the
invention of novel manufacturing techniques (e.g. composites
and additive manufacturing (AM)) the capability of integrating
sensors came along. The future generation of Structural Health
Monitoring (SHM) and Usage Monitoring (UM) technologies
will be based on sensor technology directly integrated in the
material during the manufacturing process [6]. The attractive
potential of such integrated technologies arise from the added
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value in terms of more reliable damage monitoring systems,
reduced inspection monitoring cost and improved safety [28,
p.65]. Such an integrated solution is especially more robust
and reliable because of its inherent protection against envi-
ronmental changes, accidental damage and ingress of oil, dirt
and other contaminants.

The layerwise addition of material during the additive
manufacturing process enables function integration such as
an embedded SHM sensor. Research is ongoing to inte-
grate electrical conductors inside AM polymers to gener-
ate built-in sensors. Liquid metal is being inserted in 3D
printed microchannels [17], [19], [31]. Strain gauges have
been printed in conductive ink on top of a structure [20] and
inside highly stretchable elastomers [1], [16]. Despite their
successful operation, many drawbacks have been reported on
the use of conductive ink. The curing must happen at an
elevated temperature and for a significant amount of time,
which might be incompatible with the polymers commonly
used in 3D printing. The process is also too costly for
large scale production. Furthermore, this concept cannot be
extended to metallic, i.e. conductive components. The conduc-
tive ink is also approximately 100 times more expensive than
ordinary copper, but its conductivity is commonly 30 times
less. Therefore, researchers have begun to explore the use
of solid metal conductors, such as copper wires, in poly-
mer 3D printing [20], [26]. Scheyer and Anton employed the
electromechanical impedance (EMI) method on piezoelectric
transducers embedded inside AM parts to evaluate the feasi-
bility of performing SHM on parts fabricated using additive
manufacturing [22].

Saheb and Mekid provided a review of methods for the
integration of optical fibers for sensing applications in metals
with the inclusion of additive manufacturing [21]. Fiber-optic
strain sensors are being embedded in metals by means of
powder-bed based additive manufacturing [12], [13], shape
deposition manufacturing [10], [11] and ultrasonic additive
manufacturing [9], [15], [23].

A different way of creating smart materials consists in
the monitoring of the pressure level inside capillaries that
were integrated during the manufacturing process. This novel
concept is called the effective Structural Health Monitor-
ing (eSHM) principle. Initially, the principle was utilized to
detect fatigue cracks in metals processed using powder-bed-
fusion [30] and directed energy deposition [29], but has more
recently been extended to measure strains [7]. The concept of
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Fig. 1. Analytical model of a tensile stressed cross section with integrated capillary for usage monitoring.

this novel load monitoring principle has been demonstrated on
ABS polymer tensile test specimens with integrated capillaries
filled with air and water. As was concluded by the authors,
the lack of repeatability and the limited usable lifetime of the
presented load monitoring principle was caused by the nature
of the selected material (polymer ABS). It was concluded that
a future test campaign on metallic tensile test specimens with
an integrated capillary should be conducted. Since the use of
a liquid (water), instead of a gas (air), resulted in a more
sensitive load sensing mechanism, the current work further
explores the capabilities of the load sensing element using a
liquid (water) inside the capillary.

In the following part of the manuscript, the concept of
strain sensing through the integration of liquid-filled capillaries
inside the structure is studied. The deformation of the capillary
and the resulting pressure change inside the capillary is first
analyzed through an analytical study. Such a model allows
determining the most important parameters affecting the sen-
sitivity of this strain sensing principle. The analytical model
will then be validated on the basis of a quasi-static tension
compression and a dynamic four-point bending test campaign
on metallic tensile test specimens produced with additive
manufacturing. All presented test results concern capillaries
that were filled with water.

II. ANALYTICAL MODEL

The analytical model will predict the pressure change inside
a capillary integrated in the cross section of a tensile test
specimen with a width w and thickness t , as shown in Fig. 1.
The analysis is conducted for capillaries with an elliptical cross
section (which includes the special and most popular case of
a circular capillary).

Fig. 1 presents a tensile specimen which will be used
as a model for the analytical derivation of the pressure
variation expected inside an elliptical capillary during a
tension-compression test. Assuming small strains and small

displacements, a tensile load acting on the tensile specimen
will elongate the specimen in the x-direction:

Lc,l

Lc
= (1 + εx x) (1)

with Lc the initial length of the test section in which the
capillary is embedded, Lc,l representing the length of the
test section after application of the load and εx x the longi-
tudinal strain. This action is elongating the capillary, thereby
increasing the capillary volume. Consequently, the capillary
pressure will drop. The Poisson effect limits the capillary
volume increase since the cross sectional area of the test
specimen, and thus also that of the capillary, will decrease.
The rate at which the cross sectional dimensions decrease with
the applied tensile strain is given by the Poisson coefficients
νxy and νxz .

εyy = −νxyεx x (2)

εzz = −νxzεx x (3)

in which εyy and εzz are transversal strains in the y and z
direction respectively. With the axis defined as in Fig. 1, thus
with the origin of the axis at the planes of symmetry of the test
specimen, any point [x, y, z] of the cross section subjected to a
uniform stress εx x will displace to [x ′, y ′, z′] in the following
manner:

x ′ = εx x x (4)

y ′ = (
1 + εyy

)
y = (

1 − νxyεx x
)

y (5)

z′ = (1 + εzz) z = (1 − νxzεx x) z (6)

Considering the case of pure tension, all points that are
located on a plane at a given distance x in the unloaded case
will remain on a plane and translate to the plane x ′ when
loaded. On any given cross section of the tensile specimen,
a point [x, y1, z1] located on an ellipse (e.g. the capillary
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Fig. 2. The influence of (a) the Poisson coefficient ν and (b) the bulk modulus K on the sensitivity of load sensing element. The analysis is based on the
analytical model with the dashed line representing the practical test case (stainless steel ν = 0.322, water K = 2.13 GPa and Vc% = 100%).

surface) with radius’s r1 and r2 and the center of the ellipse
positioned at [x, y0, z0] satisfies the equation:(

(y1 − y0)

r1

)2

+
(

(z1 − z0)

r2

)2

= 1 (7)

With the application of a uniform tensile load and longitu-
dinal strain εx x , all points on the ellipse remain on an ellipse
with radiuses r ′

1 and r ′
2 and its center located at [y ′

0, z′
0]:

r ′
1 = (

1 − νxyεx x
)

r1 (8)

r ′
2 = (1 − νxzεx x) r2 (9)

y ′
0 = (

1 − νxyεx x
)

y0 (10)

z′
0 = (1 − νxzεx x) z0 (11)

After deformation, the new cross sectional area Ac,l of the
ellipse equals

Ac,l = (
1 − νxyεx x

)
(1 − νxzεx x ) Ac (12)

Vc,l = (
1 − νxyεx x

)
(1 − νxzεx x ) (1 + εx x)Vc (13)

where Ac represents the initial, unloaded, cross sectional area
of the capillary. The Poisson effect counteracts the volumetric
increase of the capillary volume due to the longitudinal elon-
gation εx x by reducing the cross sectional area of the capillary.
The larger the Poisson coefficient, the smaller the cross section
of the resulting capillary. The Poisson coefficients νxy and
νxz will have to be determined independently for non-voxel
based AM techniques and formula (13) will have to be used in
the remainder of the derivation hereafter (e.g. line-based AM
techniques such as Directed Energy Deposition (DED) and
Fused Deposition Modeling (FDM)). However, given the voxel
based AM technique being used and with the build direction
along the x-axis, the material can be considered quasi-isotropic
in the yz-plane with the Poisson coefficient νxy = νxz = ν.
This assumption simplifies the equation (13) to:

Ac,l = (1 − νεx x )
2 Ac (14)

Vc,l = (1 − νεx x )
2(1 + εx x)Vc (15)

To determine the pressure variation �P inside the capillary
due to a tensile load on the tensile specimen, it suffices to
express the definition of the bulk modulus K :

�P = −K
�Vc

Vt
(16)

The pressure change as a result of the volume change inside
the capillary �Vc = Vc,l − Vc is evenly distributed over
the total fluid volume Vt , being the combined volume of the
capillary and the fluid volume in between the capillary and
the connectors.

�P = −K
Vc,l − Vc

Vc
Vc% (17)

in which �Vc represents the capillary volume change, Vc the
capillary volume in unloaded condition and Vc% = Vc

Vt
the

capillary volume fraction. With the inclusion of equation (15),
the pressure variation inside the capillary becomes:

�P = K
(

1 − (1 − νεx x )
2 (1 + εx x)

)
Vc% (18)

In the special case of the more common circular capillary
(r1 = r2 = R), the same derivation can be done and results
in the same equation, Equation (18). Considering that the
strain εx x remains small, one can simplify the equation by
neglecting second order terms:

�P = K (2ν − 1) εx x Vc% (19)

The pressure output of the sensing element is linearly
depending on the applied strain and the sensitivity �P

εxx
is

linearly depending on the Poisson coefficient ν, bulk modulus
K and capillary fraction Vc%. The following sections will
shortly discuss the importance of the parameters influencing
the sensitivity of the load sensing element.
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Fig. 3. Dimensions of the metal additive manufactured tensile test specimen (in mm).

A. Shape, Size and Position of the Capillary

This analytical development shows that neither the actual
shape (ellipse or circle), nor the size (the radiuses) and position
of the capillary do influence the sensitivity of the pressure
signal inside the capillary when subjected to a uniform longi-
tudinal strain εx x . Only the relative size of the capillary with
respect to the total liquid volume Vc% influences the sensitivity
of the overall system.

B. Poisson Coefficient ν

This development furthermore clearly shows the impor-
tance of the Poisson coefficient, naturally limited between
0 < ν < 0.5, although smart designs using addi-
tive manufacturing allow creating auxetic structures [24], [32].
A smaller or negative Poisson coefficient leads to a larger
pressure signal for a given elongation while a Poisson coeffi-
cient of 0.5 does not induce any pressure variation inside the
capillary. The effect of the Poisson coefficient on the pressure
signal inside the capillary due to the volumetric change of the
capillary is depicted in Fig. 2 (a) for capillaries filled with
water.

The Poisson coefficient cannot really be seen as a design
parameter. It is a material parameter and the material is most
frequently fixed by other design requirements. The Poisson
coefficient furthermore has a limited range in which it can
be varied, with most materials having a Poisson coefficient
ranging between 0.25 to 0.4, although exceptions and new
design solutions can result in Poisson coefficients even outside
the ‘natural’ limits of 0 < ν < 0.5.

C. Bulk Modulus K

The single design parameter influencing the sensitivity of
the load sensing element is the bulk modulus K of the
fluid inside the capillary. The higher the bulk modulus,
the larger the pressure variations expected inside the capil-
lary. Fig. 2 (b) presents the capillary pressure variations for

different theoretical bulk modulus values. The bulk modulus of
water has been studied in various independent works [2], [4]
which were summarized to an average bulk modulus K̄ =
2.1257 GPa and a maximum spread of |�K | = 0.0531 GPa.

III. STATIC TENSION-COMPRESSION TEST

A. Design

The design of the tensile test specimen is depicted in Fig. 3.
The capillary is embedded in the tensile test section of the test
specimen. A connector is foreseen at either side of the capil-
lary, allowing the liquid to flow through the capillary to ensure
complete filling. One of the connectors has been elongated
to avoid that the pressure sensor is installed in a region of
stress concentrations around the connector, thereby avoiding
erroneous pressure recordings. The length of the specimen was
shortened to a minimum to reduce the production cost which
is directly proportional to the build height. In view of practical
applications, the capillary diameter was minimized to reduce
the impact on the component, while currently being limited at
D = 1mm to allow powder removal. After installation of the
pressure sensor (Kulite XTL-123A-190, Kulite Semiconductor
Products, Inc., Leonia, USA) with a thread length of 10.1 mm
and the stop screw (M-5P, SMC Corporation, Chiyoda, Tokio,
Japan) at the second connector end, the sensing capillary
volume fraction equals:

Vc% = π0.5250

π0.5250 + π2.52((22.3 − 11.1) + (8 − 4))
= 11.6% (20)

B. Production Process and Material Properties

1) Production Process: The tensile test specimens were
produced with laser based Powder Bed Fusion (PBF). This
additive manufacturing technique is currently the most wide-
spread metal additive manufacturing technique. Its high geo-
metrical accuracy allows producing small tensile specimens
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with integrated capillaries for the conduction of this tensile
test campaign. The tensile test specimens were produced in
stainless steel AISI 316L. The built direction was vertical
(along the x axis in Fig. 1). Contours were first scanned
at 500 mm

s with a laser power of 80 W while hatching
occurred at 675 mm

s at a laser power of 150 W. The hatch
spacing was 80 μm and layer thickness was 20 μm. The
powder particles of the powder bed have a particle size
distribution between 15-40 μm. In order to limit oxidation,
the oxygen content inside the built chamber was lowered to
0.1% and shielding gas at a flow speed of 2.5 m

s furthermore
prevented oxygen from entering the area of molten metal.
After production, the loose metal particles of the powder bed
inside the capillary were removed using pressurized air.

2) Material Properties: AISI SS316L Produced by Laser
Based PBF: Before discussing the sensitivity of the sensing
element, the Young Modulus and Poisson coefficient of the
additively manufactured specimens were determined. The lat-
ter material parameters were determined during a tensile test
on two specimens with a similar design as depicted in Fig. 3,
except that no capillary nor connections were foreseen on the
specimen. The test specimens had a dog bone shape with
two-element 90◦ planar rosette strain gauges installed at both
sides of the test specimen. Each specimen was tested three
times. For each individual test, the material parameters were
obtained by averaging out the result between the front and the
back rosette strain gauge of the specimen as reported in the
table in Fig. 4.

Fig. 4 (a) presents the averaged stress-strain curve for
Specimen 1 and Specimen 2. The average Young modulus
of the additively manufactured AISI 316L stainless steel is
Ē = 146.7 GPa, which compares to well-known values
from the literature [8]. The average Poisson coefficient of
Specimen 1 and Specimen 2 were respectively 0.315 and
0.329. The Poisson coefficient considered in this paper is
therefore the average of these two specimens, ν̄ = 0.322 with
largest measured deviation |�ν| = 0.01. Fig. 5 (a) presents
the tensile test specimen in the test setup for the determination
of the Poisson coefficient using strain gauges.

C. Testing

After production, the specimen was submerged in a tank
filled with tap water and placed in a vacuum oven to avoid
the presence of air bubbles inside the capillary. The pressure
sensor and stop were then installed on the test specimen. Care
should be taken in this phase to avoid pressure rises exceeding
the range of the pressure sensor. The use of an anaerobic thread
sealant (e.g. Loctite 577, Henkel, Düsseldorf, Germany), that
only cures in oxygen free conditions, initially provides suf-
ficient permeability to prevent high pressure build-ups when
connecting the pressure sensor and stop. An additional O-ring
assists in sealing the threaded connections. The tensile test
samples were placed in an Instron 5885 H (Instron, Norwood,
USA) tensile testing machine with Instron 2518-103 load
cell (10 kN static). An Instron 2630-030 extensometer was
furthermore installed on the test section. The pressure sensor,
extensometer, load cell and cross head displacement were all

Fig. 4. Tensile test results to determine Young Modulus and Poisson
Coefficient of the 316L stainless steel test specimens produced using laser
based Powder Bed Fusion.

recorded using an LMS Scadas III mobile data acquisition
system (Siemens, Munich, Germany). All channels were syn-
chronously sampled at a rate of 6.4 kHz. Fig. 5 (b) shows the
setup.

D. Results

Fig. 6 presents an example of the test result while the
table presents five measurements conducted on the same test
specimen. The capillary pressure is presented against the strain
inside the specimen which can be generalized to other cases.
For completeness, the top x-axis furthermore presents the
loading condition that corresponds to these strain levels for this
particular design. The test was conducted both under tension
and compression. The initial pressure level slightly varied in
between different tests.

As expected from the analytical model, the pressure varies
nearly linear with respect to the strain. The average sensi-
tivity obtained during this test campaign was −83.2 Pa

μstrain
which compares quite well with the analytically expected
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Fig. 5. (a) Detailed view of the two strain measurements (longitudinal
and transversal) through strain gauges for the determination of the Poisson
coefficient of the additive manufactured AISI 316L. (b) Detailed view on the
tensile test setup with a strain measurement through the extensometer and the
pressure sensor connected to the integrated capillary of the eSHM system.

sensitivity:
�P

εx x
= K̄ (2ν̄ − 1) Vc% = −87.8 ± 8.8

Pa

μstrain
(21)

It can be concluded that the proposed analytical model is
capable of predicting the sensitivity of the embedded strain
sensing element. The determining parameters affecting the
sensitivity of the embedded sensing element have been iden-
tified. The resolution of the strain measurement is determined
based on the noise level of the pressure sensor being used. For
this particular test, 99.73% of all errors due to noise remain
within a band of 3.9 Pa (3σ ), therefore having a signal-to-noise
ratio S/N = 10log 170,000Pa

3.9Pa = 46.4dB. In this configuration,
the eSHM strain sensing element can therefore determine
the strain level with a resolution well below 1 μstrain (here
0.044 μstrain). The performance of this highly linear, high
sensitive eSHM load sensing concept can therefore compete
with conventional strain gauges that are externally applied
and may be compared against other embedded load/strain
sensors [1], [13], [14]

IV. DYNAMIC FOUR-POINT BENDING TEST

A. Design

The developed model has been furthermore validated
against a dynamic four-point bending test to furthermore
demonstrate the capability of the system to follow dynamic
load conditions. The design of the four-point bending test
specimen is presented in Fig. 7. The connections for the
pressure sensor and stop are located outside the outer rollers
as bending stresses are there reduced to zero, avoiding poten-
tial erroneous pressure recordings. With the pressure sensor
(Kulite XTL-HA-123G-190M-7-bara, Kulite Semiconductor

Fig. 6. Tensile and compression test on a stainless steel 316L dog bone
test specimen with an integrated capillary filled with water. The capillary
pressure is linear with respect to the longitudinal strain, both under tension
and compression (top). Multiple test results are presented and compared in
the table (bottom).

Products, Inc., Leonia, USA) and stop screw (M-5P, SMC
Corporation, Chiyoda, Tokio, Japan) in place, the sensing
fraction of the capillary equals:

Vc% = π0.602100

π0.602100 + π2.52((9.00 − 5.28) + (8.50 − 4.00))
= 41.2% (22)

In longitudinal direction, the straight capillary senses the
average of the typical strain profile of a four point bending
configuration, starting from zero at the outer rollers and
linearly rising to a maximum at the inner rollers and being
constant in between the inner rollers. That average of the strain
profile, as sensed by the capillary, is given by:

ε̄x x =
L
4

εxx,max
2 + L

2 εx x,max + L
4

εxx,max
2

L
= 3

4
εx x,max (23)

with L being the length between the outer rollers and L
2 and

L
4 respectively the distances between the inner rollers and
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Fig. 7. Dimensions of the metal additive manufactured four point bending test specimen (in mm).

between an inner and outer roller. εx x,max furthermore being
the theoretical maximum strain as found on the outer edge of
the specimen between the inner rollers. It is the average strain
ε̄x x that now should be used to predict the pressure change
inside the load sensing element and should therefore be used
in equation (19).

B. Production Process and Material Properties

The four point bending test specimen was ordered at 3D
systems (3D Systems, Rock Hill, SC, USA) without access
to the process parameters. The Ti-6Al-4V specimen has
been built in the vertical direction with a layer thickness
of 30μm and has been post-processed using a Hot-Isostatic-
Pressing (HIP) to reduce porosity and material anisotropy and
remove residual stresses. The specimen has furthermore been
treated with a chemical etching process to reduce capillary
surface roughness. Based on previous works, the Poisson
coefficient of Ti-6Al-4V produced by PBF is found to be
0.32 [25] and 0.324 [27] which summarizes at an average of
ν̄ = 0.322. Similarly, the Young Modulus of HIPped
Ti-6Al-4V produced by means of PBF is found to be
115.4 GPa [3] and 114 GPa [5], which for this work is
averaged to Ē = 114.7 GPa.

C. Testing

Similarly to the tensile test specimen, also the four point
bending test specimen was submerged in a tank filled with tap
water and placed in a vacuum oven to avoid the presence of
air bubbles inside the capillary. The pressure sensor and stop
were then installed on the test specimen before being placed
in the four point bending test setup. The specimen was then
loaded with an amplitude of 9.3 kN around a mean load level
of 15 kN with a frequency of 15 Hz. The pressure sensor, load
cell and cross head displacement were recorded using an LMS
Scadas III mobile data acquisition system (Siemens, Munich,
Germany). All channels were synchronously sampled at a rate
of 40.96 kHz.

D. Results

Fig. 8 presents an example of five consecutive cycles of the
four bending test. The capillary pressure is again presented

Fig. 8. Dynamic four point bending test on a Ti-6Al-4V beam with an
integrated straight capillary under compression, filled with water. The capillary
pressure is linear with respect to the averaged longitudinal strain, although
hysteresis is clearly present.

against the averaged strain expected over the entire length
of the capillary. For completeness, the top x-axis furthermore
presents the loading condition that corresponds to these strain
levels for this particular design. along with the analytical
model predicting the sensitivity of the load sensing element:

�P

εx x
= K̄ (2ν̄ − 1) Vc% = −311.8 ± 11.0

Pa

μstrain
(24)

The analytically derived model is well capable to pre-
dict the sensitivity of the load sensing element. The test
results show the presence of hysteresis which is also present
in the load-displacement and pressure-displacement plots,
as depicted in Fig. 9 for 25 consecutive cycles. This effect
is likely a consequence of frictional effects between the
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Fig. 9. The dynamic four point bending test shows hysteresis behavior in the (a) Displacement-Load, (b) Displacement-Pressure and (c) Load-Pressure plots.

rollers and specimen [18]. The sensitivity is now larger when
compared to the tensile test configuration, which is a direct
result of the larger capillary volume fraction Vc%. The liquid
inside the capillary and the Poisson coefficient of the material
being used were the same in both configurations.

V. CONCLUSIONS

The current work has presented an analytical model predict-
ing the sensitivity of the embedded eSHM system acting as
a load sensing element inside additively manufactured parts.
The embedded sensing technology is based on the pressure
monitoring inside capillaries that were integrated during the
production process of the specimens. The deformation of the
test specimen under the applied loads induces capillary volume
changes that, in turn, alter the pressure inside the capillary. The
capillaries were filled with an incompressible fluid (water) in
order to increase sensitivity.

The model that has been presented, indicated that a very
sensitive embedded sensor can be obtained. The bulk modulus
of the fluid inside the capillary and the Poisson coefficient
of the surrounding material are the two important material
properties that influence the sensitivity of the system. The mea-
sured sensitivity during a tension-compression test campaign
on AISI 316L stainless steel specimens produced using laser
based Powder Bed Fusion technology was in good comparison
with the theoretically derived sensitivity.

The model has been furthermore compared against a four
point bending test condition under dynamic loading at 15 Hz.
The predicted sensitivity again compared well against the
measured one and the pressure recording could easily follow
the dynamic loading.

The current work has proven the concept of embedded
strain sensing using liquid-filled capillaries within metallic test
specimens. An analytical model predicting the sensitivity of
the system has been proposed and the experimental results
prove the high sensitivity of the embedded strain sensing
technology. The average strain level over the capillary length

can be estimated with a resolution smaller than 1 μstrain and
can therefore compete with conventional strain gauges that are
externally applied to the surface.

ANNEX

Fig. 9 shows the hysteresis behavior during the four-point
bending test in the Displacement-Load, Displacement-Pressure
and Load-Pressure plots.
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