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Abstract

Smart material have received a lot of attention over the years. One of those smart materials
is a self sensing composites, which detects internal damage with sensors embedded in them.
This structural health monitoring based on embedded sensors could potentially reduce the
cost of maintenance in multiple sectors such as aeronautic and windmills.

This works aims to study the feasibility of embedding a sensor in carbon fiber composites
and predicting which sensor could survive the manufacturing process of the composite.

We start by explaining the nature of carbon fiber and its composite form. the challenge
that the composite manufacturing poses to the sensor are then explained. Di↵erent type of
strain gauge are then analysed for their suitability as embedded sensor. A literature review
is done to show what works have been done up until now in embedding sensor in composites.
Then models and numerical analysis are presented to obtain an estimation of the residual
stress of the sensor. This is then compared to two sensors embedded in pure resins, and the
challenges associated with the manufacturing step of composite and sensor deployment.
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Introduction

As of recently, an increasing interest is being given to smart materials. One of the applications
of said smart materials is the damage detection also called structural health monitoring.
Both in the aeronautics industry and the energy sector, for windmill mostly, the prospect
of reducing cost have pushed for more integrated structural health monitoring. A lot of
e↵ort has been focused on monitoring carbon fiber composites with di↵erent kind of strain
sensor. This work focus on the di↵erent parameter that influence the residual stress after
manufacturing on the sensor. Even by using only carbon fiber as reinforcement, the number
of options available is enormous. Models are explored to understand which choice during the
manufacturing has an impact on the result.

The first chapter starts with a cursory explanation of carbon fiber and their composites.
it is followed by a small market analysis which shows di↵erent sector demands. Then it
focusses on the manufacturing process of the composite and the challenge it will bring to the
sensor integration. Di↵erent sensors will then be presented as well as their drawbacks and
advantage for embedding. Finally, the chapter will finish with a literature review of studies
about sensors embedded in composites.

Simple analytical model will be presented on the second chapter. Their suitability for
the case of embedded sensor will be described and the parameters used to compute the
residual stress will be analysed. The simplification of the di↵erent materials properties will
be explained and the error they generate computed. A model of the curing will be described
to show the impact of the curing cycle upon the embedded sensor. To conclude chapter 2,
the thermal output of the strain gauges is analysed.

With the result of simple analytical model, a numerical analysis is done in chapter 3.
Two software, which were available, are compared with a simple case study that can easily
be compared to the analytical results. Afterwards multiple sweeps on di↵erent parameters are
done to understand the sensitivity of residual stress over them. This is done in two cases, the
gauge with and without baking as both geometries are available in the form of commercial
strain gauge. Following this, a thermal circuit equivalent is described to obtain an upper
estimate of the thermal gradient during cure. And a transient thermal simulation is set up
to measure the maximum temperature gradient during the curing. A very brief explanation
is given on the original goal of the numerical analysis, a full transient cure simulation.

Finally in the final chapter, the preparations of the experiment in embedding the gauge
are described. This highlighted that the di�culty of embedding sensor starts before the
manufacturing step. Then the data extracted from the monitoring in-situ during the curing
is analysed and problems are highlighted. Afterwards with a bending test, the gauges are
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tested for strain known to happen in the aeronautic industry.
The conclusion summarizes the di↵erent results obtained all along this work and the

potential continuation of this work.
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Chapter 1

Overall context and literature
overview

This work overarching context, is the integration of sensors in composite material for wireless
structural health monitoring (SHM). This first chapter covers the context of this work on the
validation for the integration of strain sensors within composites, more specifically carbon
fiber composites (CFC).

The first part describes what CFC are and their many variations. Afterwards, a literature
review of the fabrication methods of CFC and the challenges that arise from it. It is followed
by an overview over the di↵erent kind of strain sensors and their compatibility for wireless
SHM in CFC. Finally, a review of the literature for embedded sensor in composites was done
were the type of sensor, composites and size of both sensor and composite were compared.

1.1 Carbon fibre composite material

1.1.1 Overview

CFC is a system composed of carbon fibre sheet, called a ply, stacked upon each other and a
matrix, composed of resin, binding all the plies together. The most basic component of the ply
is the carbon fibre. Those fibres are entwined together to form a filament as shown on figure
1.1. Those filaments are then packed together to make a tow. In manufacturers specifications
sheet, there will often be a number followed by k such as 3k, 6 k, 12k. Those three numbers
of filament per tow are the most common, but other configurations exist. Those represent
the number of filaments used to make a single tow. The filament count alone has only a small
e↵ect on the final carbon fibre weave properties. The tows are then weaved to make a fabric
which, depending on the weaving pattern, will have di↵erent properties.

The plain weave, the 2x2 basket and 2/2 twill are called balanced weave. Balanced weaves
are weaves with the same amount of vertical and horizontal tow on each side of the weave.
Their pattern can be seen on 1.2. This is important to know as it gives the weave symmetric
mechanical properties, which is not the case of the imbalanced weave with patterns such as
harness satin pattern or unidirectional weave. The type of weaving will heavily influence the
product properties such as the drapability. The drapability is the capacity of the weave to
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Figure 1.1: Carbon filament microstructure showing the atomic scale, the composition of a
single filament and the cross section of said filament, reproduced from [1]

Figure 1.2: Weaving pattern for carbon fibre ply, reproduced from [2]

conform to the surface of the molds and crimp which is the length of the tow used to weave
around its path. For the sake of simplicity in this work, we will consider all the plies to be
balanced. This means that results should be independent from the number of plies above and
below the sensor. We will also consider the plies to be isotropic in the plane of the weave.

The second part of the composite is the matrix, generally made of resin. It can be seen
holding the fibres together on 1.3. Two broad category of resin can be discerned[10]:

• Thermosetting resins

• Thermoplastic resins

Thermosetting resins are generally liquid polymers with irreversible curing. This curing
process may be a↵ected by heat, chemical reaction or irradiation. Thermoplastic on the other
hand can be reused by melting them back into liquid form. There mechanical properties vary
more with temperature than thermosetting and thus may not be suitable for all application.

4



Table 1.1 presents a non-exhaustive list of available resin families. Care should be taken
when choosing a resin as some additive can change its thermomechanical properties wildly.

Thermosetting Thermoplastic
Cyanate ester Polyamide

Epoxy Polycarbonate
Phenolic Polyetheretherketone
polyester Polyetherimide
polyimide Polyethersulfone
vinyl ester Polypropylene

Table 1.1: Families of resin from both thermosetting and thermoplastic type used in CFC

Each resin family has di↵erent options for curing. A well-known resin is epoxy. It has
multiple options available depending on the curing agent used. It can be cured at room
temperature via a curing agent such as aliphatic polyamine, or via light with photo initiators.
And of course, it can be cured with heat by using high temperature. The di↵erent curing
method will be discussed more in depth in subsection 1.2.

1.1.2 CFC mechanical failure modes

There is multiple mode of failure in CFC, but generally the first to appear concerns the matrix.
Whenever the fibres itself fail means the matrix has already failed either as a delamination or
as a crack. This is because all resin used for the matrix have a lower ultimate yield strength
than the fibre in their main direction. The only di↵erence between the delamination and
the crack is the direction of failure, as shown on figure 1.3. A delamination is a crack that
propagates parallel to the plies while a matrix crack is perpendicular to the plies.

Figure 1.3: CFC showing matrix in grey and carbon fibre in white. Delamination and matrix
crack in composites.
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In this work, both matrix cracks and delamination may occur due to the insertion of
a sensor inside the composite. In literature, sensors often generate delamination due to a
mismatch of the coe�cient of thermal expansion (CTE).[11]

1.1.3 CFC commercial use

Carbon fibres are used in a multitude of market due to their lightweight and high tensile
strength properties.

Elasticity
Modulus
[GPa]

Yield
strength
[MPa]

Ultimate
strength
[MPa]

Density
[ g

cm

3 ]
Price

Carbon Fiber Composite
Injectex®G0926

671 N/A 8601 1.5511 234$ per Kg*

Glass Fiber Composite
S2 Glass

55.612 N/A 22972 2.462 72.37$ per Kg*

Aluminium alloy
6063 Aluminium

68.93 2143 2413 2.73 N/A

Steel
316L Stainless steel

2004 2054 5154 84 5$ per Kg

Oak Wood 95 N/A 705 0.7045 0.7$ per Kg

Table 1.2: Strength, sti↵ness and cost comparison of di↵erent materials.
1 From reference [12]
2 From reference [13]
3 From reference [14]
4 From reference [15]
5 From reference [16]

One of the main users of CFC is the aerospace industry, given its necessity to reduce
weight as much as possible. Currently Space X, the lowest cost orbital launcher quotes 2350$
to launch a kilogram of payload to orbit with their Falcon heavy vehicle. This means that
despite the higher cost of CFC, and thus the higher final cost of the launch vehicle, the cost
to launch weight in low earth orbit is reduced. It is very hard to obtain precise flight cost
for aircraft but the general trend of having less dead weight is still applicable.

Another known industry using CFC, is the high-end sport car. In this industry, perfor-
mance is paramount, giving CFC an edge over all other materials since its overall properties
as seen in 1.2 are either the same or better than all other materials analysed.

CFC is also used for large sized windmill alongside glass fibre composite to reinforce the
blades. The use of CFC is to reduce the number of windmills by having more e�cient and
bigger windmills justifying it’s higher cost. Given the polluting nature of CFC manufacturing,
many studies have been made to find a bio-composite with less impact on the environment[17].
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Figure 1.4: CFC estimated market share, reproduced from [3]

As we can see on table 1.4, pressure vessel is the third largest market for CFC. Instead of
a traditional bulky and heavy stainless-steel tank, truck can haul a lighter CFC tank which
is also resistant to corrosion. En demand in this market tends to vary widely depending on
the estimator. The reasons being the cost of CFC makes it di�cult to justify its usage when
much cheaper steel is available. As for the fuel cost savings, it remains hard to justify such
investment as the cost of oil which is used to produce fuel can vary very wildly from being
negative in April 2020 to shooting up in the recent month.

Other markets exist such as the sport industry, many of the sports tools such as a tennis
racket or a golf club are made of lightweight CFC. And while they do represent a non-
negligible market share, there is little to no need for SHM.

SHM for aircraft would allow to reduce the maintenance cost and reduce the risk of
catastrophic failures. For the spatial industry, the risk of rapid unscheduled disassembly due
to a structural fault would be reduced. Wind blades set up with SHM could have reduced
maintenance schedule and longer lifetime. Pressure vessel may benefit from SHM to detect
potential weak point where leaks are likely to form and thus prevent them. Other industry
may benefit from SHM, but their benefit may be marginal. One example would be the car
frame, due to their very small thickness embedded sensor would add very little in terms of
added value.

1.2 CFC fabrication methods and challenges

The manufacturing methods of carbon fibre are as diverse as its properties. As mentioned in
the previous section, there are multiple methods of curing the matrix, this in turn leads to a
wide variety of possible manufacturing method. All have advantages and disadvantages, but
some create problems for the integration of sensors within the composites. For example, the
CTE mismatch between the matrix and reinforcement during heat curing generates stresses
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and deformation during the manufacturing process.

1.2.1 Open molding process

The open molding manufacturing process consists of using an open mold where the resin and
reinforcement are deposited on it or in it. Then the cure can happen at ambient temperature
or via autoclave. Here are some of the techniques used for open mold process.

Hand lay-up and wet lay-up

Hand lay-up and the very similar wet lay-up are the first processes used in the industry
to manufacture composites.[18] The first step consists of spraying or coating the mold with
releasing agent. Then each layer of reinforcement is applied by hand. In between each layer,
resin is then coated via a roll and brushes. Wet lay-up uses prepreg plies instead of using
dry carbon fibre plies. Prepreg plies are already coated in resin before their lay up in the
mold. This technique has the advantage of being cheap and not requiring any trained per-
sonnel. Nevertheless, the production of each piece is time consuming, and the quality vary
enormously from piece to piece. An alternative to hand lay-up is automated tape lay-up.
Instead of having humans manually stacking plies upon each other, a loaded roller lay down
tapes of uni-directional fibre unto the surface of the part.[19]

Spray lay-up

Spray lay-up is very similar to hand lay-up with the exception that both the resin and
reinforcement are sprayed onto the mold. This requires a spray set up and is thus a bit
more costly than hand lay-up. Another problem is that the layer thickness may not be as
consistent as hand lay-up. Only chopped fibre can be used as reinforcement with this lay-up
method, and often results in low fibre content of the finished product. In turn, the process
of layering is much faster, reducing the labour cost.

Autoclave curing

As mentioned in the previous section, there are multiple curing options. For open molding
process room temperature, heat curing, and photo curing are possible. For autoclave curing,
once the reinforcement and resin have been applied to the mold, the mold is inserted in a
vacuum bag which is then sealed. The vacuum will get rid of most of the trapped air bubbles
within the resin. Afterwards the vacuum bag is placed within the autoclave. Then hot inert
gas will apply pressure to cure and increase the density of the final product. This technique,
while achieving very high fibre content with little amount of void, comes with a high cost.
The equipment required for the autoclave is very expensive and it limits the maximum size
of the final piece that can be manufactured.
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1.2.2 Close molding process

As opposed to open molding processes, closed molding uses multiple piece which when put
together form a closed mold. First the reinforcements are stacked into the di↵erent pieces
of the mold which is then closed. Heat and pressure is then applied to cure the resin and
increase the fiber weight ratio.

Resin transfer molding (RTM) and vacuum assisted RTM

In RTM, when the mold is closed with all the plies stacked together inside, the resin
is infused via a small inlet. The resin di↵uses through all the plies and piece thanks to
pressure. This can be controlled to be either high, around 25 bar or lower, giving di↵erent
resin impregnation times. Vacuum assisted RTM is similar but instead of having a press
putting pressure on the mold and a piston pushing the resin within, the atmosphere pushed
the resin into the mold and maintains the pressure on the vacuum bag.

RTM has quite a few advantages: It has a high throughput compared to open molding
processes, allowing this technique to produce pieces much faster and thus reducing labour
cost. It can achieve a high fibre ratio and produce a wide range of laminate thickness.[10] Nev-
ertheless, it requires expensive tooling, making it justifiable only if many pieces are produced.

Preform molding process

Preform molding process also called sheet molding compound, is a process where the
reinforcement and resin are placed within the mold which is then closed, compressed and
heated for the resin to cure. This type of manufacturing is extremely fast and allows to
eliminate the need of trimming after the molding step.[20] Nevertheless this process doesn’t
work very well for pieces with sections perpendicular to the compression direction. It also
requires a specific steel mold for each specific part, making it only viable for high production
volume or small pieces.

There are many others processes for composite manufacturing, but in the scope of this
work only the processes requiring or having heat curing available are of interest to us.

1.2.3 Heat curing and resin glass transition

One of the main problems when introducing a foreign object into a composite with a resin
that needs heat curing, is the stresses generated by the CTE mismatch. Many of the resin
used in composite have high CTE, compare to the smaller coe�cient of material such as
silicon which are used for strain sensor as shown on figure 1.5.
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Figure 1.5: CTE properties of a wide range of materials, reproduced from [4]

This will give rise to big stresses on the sensor during and after the curing process. The
stress will not appear during the beginning of the curing as the resin is still liquid. Instead, the
stress will start appearing when the resin is cooling down. Another deformation phenomenon
independent of temperature is the chemical shrinkage of the resin due to crosslinking.[21] The
chemical shrinkage a↵ects the resin regardless of whether it has been heat cured or not. Both
CTE mismatch and chemical shrinkage apply stresses only after a certain degree of cure, as
before that point the resin molecule can still move enough as to relax. During the cooling
down of the resin, stresses will not appear immediately, this is due to the resin relaxation.
As the resins cools down, the cross-linked polymer will deform to reach a lower energy state.
Until it reaches close to the low energy state, the stresses generated will be negligible. This
will be discussed more in detailed in chapter 2.

1.3 Review of strain sensors for embedded application

The integrated sensor will have to conform to certain restrictions, some imposed by the in-
dustry and others due to physical limitations. The first limitation is the maximum dimension
of the sensor. As this work is a continuation of the previous master thesis, it will assume
the same restrictions. The maximum dimensions for inclusions from Samuel Gilet master
thesis[22] are set at 10mm for length and width, and 300 µm for depth. The second re-
striction is the power consumption of the sensor, as shown in [22], the power transmission
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e�ciency is low for integration at 1 and 2 ply depth.
The third limitation is the impact of the composite manufacturing process on the em-

bedded sensor. This is not a problem for composite such as concrete or plywood as they
only need the matrix to dry. CFC with matrix curing at ambient temperature are also easier
to integrate with as only the chemical shrinkage will generate stress. The last restriction is
the matching between the sensor maximum strain and the materials maximum strain. The
sensor can have a strain range equal or greater than the housing material, but must never
have a smaller range, otherwise the purpose of SHM is defeated. Other restrictions may be
applied, but for this work, those are enough to narrow down the type of sensors viable for
integration in CFC.

1.3.1 Piezoresistive strain sensor

The gauge uses the change of resistance generated by strain to measure said strain. The
resistance change is given by equation 1.1.

�R

R
=

�⇢

⇢
� �A

A
+

�L

L
(1.1)

Where ⇢ represent the resistivity of the material, A and L its cross-section area and length
respectively. Two contributions can be identified

• �⇢

⇢

, the change of resistivity due to stress

• ��A

A

+ �L

L

, the geometrical deformation

The sensitivity of a sensor, called the gauge factor can be obtained with the following equa-
tion:

GF =
�R/R

✏
(1.2)

where ✏ is the sensor’s strain. The contribution to the gauge factor allows to distinguish two
main categories of gauge, being metallic gauge and semiconductor gauge.

Metallic gauges

Most metallic gauge rely on the geometrical deformation to measure strain; this limits
their maximum sensitivity. This is not true for every metal as shown on 1.3 for Nickel
but compared to semiconductor gauges they have lower gauge factor. Metallic gauges are
generally of bigger size, this is due to their low resistivity. To obtain a reasonable resistance,
they are made in a comb like pattern. Nevertheless, commercial strain gauges have high
maximum strain. Constantan alloy strain gauges from BCM sensor have a strain limit around
30,000µ✏ compared to 5000µ✏ for their silicon counterpart.[23] Another advantage of metallic
gauges is the large range of di↵erent metal and alloys available. This allows CTE matching
between the composite and the gauge as shown on 1.5. A possibility would be to counteract
the change of resistance due to the stress generated due to CTE mismatch by the change due
to a temperature drift.

(1.3)
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Semi-conductor gauge

Semi-conductor gauges rely on the resistivity variation due to stress to measure strain.
This gives them a very high gauge factor and combined with their relatively small size, it
makes them a very good candidate for integrated SHM. Unfortunately, their range of defor-
mation is much lower, limiting the materials it can be integrated in. The most widespread
material for semiconductor gauges is silicon. This limits the CTE matching with the compos-
ite material. The CTE mismatch and the smaller strain range will further limit the possibil-
ities of integrating silicon gauge within composite. There are other semi conductor materials
such as graphene and III/V materials which can be used for strain sensor application. A
GaN thin film, which is a III/V material, has a gauge factor around 130.[24] Graphene strain
sensors for SHM, have a gauge factor between 375 and 473.[25] The drawbacks of III/V and
graphene are mostly their fabrication cost, especially compared to metallic and silicon gauges.

Special material gauges

There are special engineered materials to increase the sensitivity of a gauge. One such
material, a heterostructure nanocrystal solid, has been used to achieve a gauge factor of
5045.[26] While many interesting properties may be achieved with those special materials,
they are unlikely to be commercially available in the near future due to their complicated
and expensive manufacturing process.

Material Gauge Factor
Al 1.4
Cu 2.1
Ni -12.62
Pt 2.60

Si(SC) -102 to 135
Si(Poly) -30 to 40

Table 1.3: Comparison of metal and semiconductors gauge factor, reproduced from [9]

1.3.2 Capacitive strain sensor

Capacitive strain sensors function similarly to piezoresistive gauge. They also measure the
change in impedance due to the strain. The impedance of a capacitor is given by equation
1.4.

Z =
1

j!C
(1.4)

! is a parameter of the sensor circuitry, leaving only C. For the classical two parallel plate
example, the capacitance can be computed as follow:

C = ✏
r

✏0
A

d
(1.5)
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Where ✏
r

represent the relative permittivity of the material between the two plates, A repre-
sents the area of the plates and d represents the distance between the two plates. Capacitive
strain sensors exist in many forms to exploit either a change in area, a change in distance or
both as shown on figure 1.6.

Figure 1.6: Crumpled gold foil capacitance, reproduced from [5]

Capacitance strain sensors cover very wide ranges of strain. The gold thin foil from [5],
can support up to 140% deformations. It is also very linear over that big strain, but this
comes at the cost of very poor sensitivity. Gauge factors found in the literature vary from 2
to 6.[5, 27, 28] Another advantage is the very low power consumption. Some systems have
been powered via RFID.[29] They are a very good contender for SHM, but are more suited
for materials which can deform more easily than CFC.

1.3.3 Optical strain sensor

Optical strain sensors come in the form of fibre Bragg gratings. Fibre Bragg gratings function
by creating a periodic pattern in the optical fibre refractive index. This periodic pattern
reflects a specific frequency band, which depends on the distance between each refractive
change. Should the pattern periodicity change due to strain, then the reflected frequency
will change accordingly.
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Figure 1.7: Fiber Bragg grating manufacture and working principle, reproduced from [6]

Optical fibre have many advantages, being their robustness against electromagnetic in-
terference and their precision. They also have their disadvantages, being that optical fibre
have diameter in the range of 100 microns due to cladding. This makes them less attractive
in SHM compared to the piezoresistive sensors which can have a thickness of ± 40 microns.
Not only are they thick, but they also require complex and bulky equipment to analyse the
fibre output, making them ill-suited for embedded applications. Said equipment also have
high power consumption in the order of watts. Optical fiber were also shown to weaken the
compressive strength of the composite they are embedded in by nearly 40%[30].

Despite all those disadvantages, fibre Bragg grating are the most used strain sensors
in literature for embedded monitoring in CFC, whether in-situ monitoring[31] or internal
monitoring[32, 33].

The optical fibre used for monitoring, meshes well with the carbon fibres and are able
to support the stress from the shrinking resin. The sensors electronics is outside of the
composite due to its size, nullifying any worry about temperature frying the electronics.

1.3.4 Piezoelectric strain sensors

Piezoelectric sensors exploit the properties of some materials to generate charge density
on their surface orthogonal to the applied deformation. The two most common materials
used for piezoelectric sensors are lead zirconate Titanates (PZT) and polyvinilidene fluoride
(PVDF). PZT has a much higher piezoelectric coe�cient but is much sti↵er than PVDF.[34]
Piezoelectric sensor are very simple to set-up but comes with durability issues, especially for
piezoelectric wafer active sensors. Sensors subjected to environmental temperature variation
showed signs of delamination[35], and those subjected to low velocity impact while embedded
in a composite cracked before the composite showed damage.[36]
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Type Model Size
GF or

sensitivity

Price
per
unit

Manufacturer

Metallic
piezoresistive

CEA-05-250UWA-350 14x6.9x??mm 2.07 20 € Micro
Measurment

1-LY19-6/350A 13x6x0.075mm ±2 12 € HBM
Semiconductor
piezoresistive

BPY-1000-2.6-UIRL 6x4x0.07mm 150 Unknown BCM sensor

Fiber bragg
interogator

and
optical fiber

1-FS22DI-ST/4CH
T100 FBG array

? = 0.25mm
L = 8mm

1.2pm

µ✏

17000 € HBM and
Technica

Piezoelectric T220-A4BR-1305YE 32x12.7x0.5mm 0.33 V

µ✏

239.80 $ Piezo.com

Table 1.4: Commercially available strain sensor

1.4 Literature review of embedded sensor in compos-
ites

The concept of embedding sensors into resin or composites is not new to the literature.
Already in 1992, Ki-Soo Kim, Menachem Breslauera and George S. Springer were already
studying the e↵ect of embedded sensors on the composite strength[37]. While this works
focusses specifically into CFC, other composites such as concretes, metal laminates, glass
fiber reinforced plastic, and others have also been studied.

1.4.1 Optical embedded sensor

When optical sensor is mentioned in embedded sensor, most of the literature will refer to
Fiber bragg grating. But other sensor such as the Fabry–Perot interferometer exist and
have been used as embedded sensor[38]. Both technologies use optical fiber, Fabry-Perot
uses either one or two depending on whether an Explicit Fabry-Perot interferometer or an
intrinsic Fabry–Perot interferometer configuration is used. Table 1.5 shows a non-exhaustive
list of studies done with embedded optical sensor in composites.

In the sensor dimension, the diameter of the whole fiber optic, core, cladding and coat-
ing(s) is considered. As for the length, either it is the length of the whole embedded optical
fiber when given or only the part containing the fibre bragg grating.

In most studies, the residual strain due to the manufacturing step is often skipped over.
Another potential figure of merit that is often not mentioned is the power consumption of
the samples. The power consumption is mostly dependent on the interrogator used. Another
noticeable point is the size of the composites which are generally small compared to real
composites pieces such as airplanes wings or windmill blade. The geometries of all samples
from the articles in table 1.5, are simple stacked sheet.
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1.4.2 Embedded piezoresistive and piezoelectric strain gauge

Other types of sensors have also been studied for their integrations within composites. The
two most common is the piezoresistive and piezoelectric sensors. For the piezoresistive, the
focus of most studies is the low impact of the embedded sensor on the composites. Table 1.6
shows a non-exhaustive list of studies on embedded piezoelectric and piezoresistive sensors.

Glass fiber is used more often than for optical sensor, this is mostly due to the conduc-
tive property of carbon fiber making it more complicated to integrate piezoresistive sensors
without shorting them. And since as shown in table 1.2, glass fiber is cheaper than carbon
fiber, the samples are generally bigger compared to what is shown on table 1.5. The absence
of semiconductor strain gauge is quite noticeable, indeed there exist many commercial metal-
lic strain gauges but semiconductor strain gauge are much rarer. The only one found was
from BCM sensor, while others have been found to also sell semiconductor gauge, they are
suspiciously similar to the BCM one.

1.5 Scope of this work

During the first chapter, the di↵erent combination of sensors and CFC were showcased.
Showing the immense number of possibilities available. Since our work is a continuation of
Samuel Gilet master thesis[22], we maintain the same constraints in term of size and power
consumption. This limits the choice not only in sensors but also in CFC, since the aero-spatial
industry only take validated combination of resin and carbon ply.

The initial objectives of this work were the thinning and better integration of sensors into
composites. During the literature research, it shifted to the following point. First, finding
a simplified model to get a close approximation of the residual stress. Second, finding the
di↵erent parameters and their impact on the residual stress of the sensor. Those will be
compared with experimental data from two samples. To do this we will limit ourselves to the
RTM6 epoxy resin from Hexcel for the material properties and two specific strain sensors.
The works should remain valid for other materials simply by replacing the material properties.
Many studies have been done in literature on the integration of strain sensor into composite.
While most of the studies uses optical sensor such as fiber Bragg gratings, many others show
the potential of nano carbon tube as a non-intrusive sensor. There have been investigations
on when and how the residual strain appears and to what physical phenomenon they are
linked but rarely a quantitative analysis.

At UCL, previous works have been done to develop the ability to embed sensor into CFC
and to interrogate it wirelessly. The first work was done by Samuel Gilet on developing the
models for wireless transfer of energy and information through carbon fiber plies. The second
work was done by Nicolas Roisin, into developing an extremely low power strain gauge to
embed into CFC.
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Type
of sensor

Materials
monitored

Composites
dimension

Sensor
dimension

Goal of the study

EFPI,
FBG

Carbon fiber
reinforced plastic

240x240x20mm
? : NaN
L :120 mm

Demonstration of EFPI and
FBG for SHM
in CFC [38]

FBG
Carbon fiber

reinforced plastic
??x??x10.3mm

? : 145± 5µm
L : NaN

Development of smart
embedded sensor
for condition based

maintenance in composite. [39]

FBG

Carbon fiber
reinforced plastic,
epoxy adhesive

Araldite 420 A/B

107x24 x1.2mm
? : 245± 7µm

L : NaN

Feasibility of using
Fiber bragg grating

for strain monitoring in
bonded region. [40]

FBG
Carbon fiber

reinforced plastic
230x50mm
10 plies

? : NaN
L : NaN

Monitoring of cure with
Fiber bragg grating. [41]

FBG
Unidirectional
Carbon fiber

reinforced plastic
100x20x1.5mm

? : NaN
L : NaN

Improving the accuracy
and reliability of FBG in

unidirectional composites.[42]

FBG

AS4/3501-6
unidirectional
carbon/epoxy
prepreg tape

254x12.7mm
114.3x12.7mm
8 or 16 plies

? : 145µm
L : NaN

Composites mechanical
failures due to embedded

fiber optic. [30]

FBG
Carbon fiber

reinforced plastic
S160-REM, Seal

50x15x1mm
8 plies

? : 242± 5µm
L : 5, 10 mm

Evaluation of the coating
and length of the

fiber bragg grating on
the polymer. [43]

FBG

Carbon fiber
and glass fiber

reinforced plastic,
metal laminates

250x25mm

2,4,7,8 plies

? : NaN
L : NaN

Variables impact on final
FBG spectrum analysis. [44]

FBG
Carbon fiber

reinforced plastic
T800H/3631

NaN
? : 250µm
L : 10 mm

Detection of transverse
crack in CFC.[45]

Table 1.5: Non selective list of studies in Optical sensor embedding in composites.

17



Type of
sensor

Materials
monitored

Composites
dimension

Sensor
dimension

Goal of the study

Piezoelectric
Glass fiber
reinforced
plastic

360x250x3mm 25x25x0.25mm

Feasibility of
using piezoelectric
for crack detection.

[46]

Piezoelectric
Glass fiber
reinforced
plastic

100x25.4mm
8 plies

? = 7mm
t=0.2mm

SHM of composites
with PZT sensors.

[47]

Piezoelectric
Glass fiber
reinforced
plastic

80x80x10.4mm
600x500x3.31mm

? = 20mm
t=1mm

In situ measurment
during cure and SHM

with contactless
sensors.[48]

MEMS
Piezoresistive

Glass fiber
reinforced
plastic

Fiberite 7781

63.5x305mm
t=2-12.2mm

10x10x0.5mm

Evaluation of
MEMS strain
sensors in

composites.[49]

Piezoresistive
Carbon fiber
reinforced
plastic

250x25x1.15mm 20x3x0.045mm

Presentation of
a nano composite

piezoresistive sensor
for In situ monitoring.

[50]

Piezoresistive Concrete Unknown Unknown

Review of
cement based

sensor with carbon
nano tube.[51]

Piezoresistive
Epoxy/flax

bio
composites

Unknown
A = 0.5cm2

t=1.75µm

Smart bio composite
using nano composite

sensors.[52]

Piezoresistive

Carbon/glass
fiber

reinforced
plastic

300x300x2mm
? = 0.178mm
L=150mm

SHM for
composites with
carbon nano tube.

[53]

Piezoresistive
Glass fiber
reinforced
plastic

180x15mm
10 plies

100x100mm
t = 0.67� 1.67µm

SHM for
composites with
carbon quantum
piezoresistive
sensor.[54]

Table 1.6: Non selective list of studies on piezoresistive and piezoelectric embedded sensor
in composite.
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Chapter 2

Analytical model and properties
estimation

In this chapter, di↵erent models to estimate the residual strains will be shown. First the
simplest model with its hypotheses is presented, then it is refined by using a more advanced
model with more accurate hypotheses. Afterwards the advanced model’s parameters are
sweeped to observe their sensitivity on the residual strain. Thereafter an explanation on
how the material’s properties were simplified for the previous model is given. Then the
glass transition temperature is studied in more details to give a better insight into how the
process can a↵ect the residual stress. Finally, two models are shown to compensate for the
temperature output of a silicon strain gauge and a commercial metallic strain gauge.

2.1 Stress in layered material

2.1.1 Target geometry

To model the stress due to the integration of a sensor within a composite, a good knowledge
of the geometry is required. The geometry will vary with the sensor shape, the way it is
embedded in the composites and the manufacturing process. In this work, the manufacturing
process is not studied. As for the sensor shape, it is studied more in depth in chapter 3,
where di↵erent geometries available in commercial strain gauge are simulated. Finally for
the embedding, the simplest deposition between two plies is studied. There exists other
method to embed a sensor such as cutting a hole in one of the plies and placing the sensor
in it but they will not be studied here.

Unfortunately, in the literature, there are very few images of the internal structure of a
composite with a square sensor embedded in. The reason is present in chapter 1, where most
of the research focus on either optical fiber or carbon nanotube. An image of an embedded
optical fiber is available in [30]. Figure 2.1 shows two embedded sensors and their impact on
the composites. The curvature of the reinforcement fiber is nontrivial and as shown can be
influenced by other defects. One of those defects is the voids of resin, little pocket where the
resin didn’t flow properly in, another one can be another sensor or a contaminant such as
dust. The curvature will dictate how big the resin pocket around the sensor will be.
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Figure 2.1: Embedded sensors in CFC, reproduced from [7]

2.1.2 Bi-layer model

When two materials with di↵erent CTE are layered upon each other like in 2.2 and one of
them has a negligible thickness compared to the other, the stress they will generate when
the temperature change can be approximated by:

� = E(↵1 � ↵2)�T (2.1)

Where E is the Young’s modulus of the thin layer, ↵
i

are the coe�cient of thermal expan-
sion of each layer and �T is the di↵erence between their rest temperature and the current
temperature.

Figure 2.2: Bi-layered material geometry

While being very easy and fast to use, it only gives an approximation under certain
hypothesis. This model completely neglects the stress generated by the chemical shrinkage
of the resin. The hypothesises are the following:

• The temperature is the same in all the spatial dimension.

• The deformation is an elastic deformation.

• The only component in the composite which will generate stress on the sensor is the
resin.

• The sensor is on the surface of the composite.
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• The upper layer is much thinner than the substrate.(Stoney’s approximation)

The first hypothesis is acceptable especially at the end of the curing cycle. During the
curing, due to the exothermic nature of the reaction, the temperature may not be completely
homogeneous in the composite. But with good control over the overall temperature in the
mold during the whole process and the relatively thin samples, this hypothesis should only
introduce a minimal error.

The second hypothesis consider that the deformation generated by the thermal shrinkage
is smaller than the elastic limit of silicon. The di↵erence in density between the liquid uncured
resin and the solid cured resin is given as �V

V

= �0.046 in [55]. For a cube of resin, each of
the side would shrink by approximately 1.5%.

�V

V
= �0.046 ! C3

1 � C3
2 = �0.046C3

1 ! C1 = 0.9852C2 (2.2)

This is equivalent to a strain of around 1500µ✏ which is lower than the BCM sensors strain
limit of 5000µ✏ but higher than the working strain. We are still in an elastic deformation,
but we are out of the linear sensing range. Two simple ways to compensate for this, is to
pre-strain the sensor in tension to cancel out the compression. Or to shift the zero strain to
the residual strain of the manufacturing.

The third hypothesis consider the impact of carbon fibre ply to be negligible on the
sensor strain. Considering the very small CTE mismatch between the sensor material and
the carbon fibre, this hypothesis will only generate a small error. If a sensor material with a
greater CTE mismatch is chosen, then this hypothesis may not be usable anymore.

The fourth and last hypothesis is the most problematic one, since the goal of this work
is to determine the feasibility of embedding a sensor into CFC. Unfortunately, there are no
analytical model for a sensor completely embedded into CFC as the generated geometry is
nontrivial. Instead, finite element methods are used to obtain a more accurate estimation of
stress, and even then, the geometry studied is still approximative.

2.1.3 Multi-layer model

To get a better estimation of the stress, the model of Chun-Hway Hsueh[8] will be used.
This model computes the normal stress in a multi layered structure with a substrate under
thermal strain and external bending. In the article two solutions are given, one with Stoney’s
approximation[56], where the layers are much thinner than the substrate, and one without.
For the current application, the solution without Stoney’s approximation will be used.

In our case the curvature radius will be set to infinity as there are no external bending
applied.

r ! 1 (2.3)

There will be only three layers, two made of resin with a thickness of 300µm which is con-
sidered to be the thickness of a ply and a layer made of the sensor material with the sensor
thickness. This of course can be modified to study multi plies system. The stress for a given
layer is given by the following equation:

�
i

= E
i

(✏� ↵
i

�T ) (2.4)

21



Figure 2.3: Coordinate system of multi-layer strip, reproduced from [8]

✏ is the strain in the system and is given by

✏ = c+
z � t

b

r
(2.5)

With the curvature radius set to infinity, it becomes:

✏ = c (2.6)

Since the third layer has the same thickness as the substrate, the solution for c is
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The stress is thus given by
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From this equation, the stress is influenced by three parameters.

• The temperature di↵erential.(Process dependent)

• The thermal coe�cients and Young modulus.(Material dependent)

• The layers thickness.(Geometry dependent)

By fixing some of the parameters, a sweep can be performed to understand the dependency
of stress. In figure 2.4, three layers are used, two layers of resin sandwiching a single layer of
silicon. The properties used for figure 2.4 are shown in table 2.1.

Before analysing the result, it is important to note that while this model is closer to the
case of an embedded sensor, there are still some discrepancies between the embedded model
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Young
modulus

E

CTE
↵

thickness
mm

Layer 1
Resin

2.51GPa
Variable to T
[62, 68.4] ⇤ 10�6 300µm

Layer 2
Silicon

170GPa 2.1 ⇤ 10�6 1
�
C

Variable

Layer 3
Resin

2.51GPa
Variable to T
[62, 68.4] ⇤ 10�6 300µm

Table 2.1: Computation parameters of figure 2.4

and this model. From the new model, the sensor thickness starts to have an impact on the
normal stress within the sensor as shown on figure 2.4. Thinner sensor generates more stress
than thicker one, while this may push for thicker sensor, this model does not take the impact
of the sensor on the composite integrity. If care is not taken, a thicker sensor which generate
less stress may have a lower production yield than a thinner sensor with higher stress.

This covers the variation in the geometry of the sensor and the process. On figure 2.5, the
variation of the sensor material can be observed. Table 2.2 holds all the parameters which
have been used for the sweep.

Young
modulus

E

CTE
↵

thickness
mm

Temperature
Di↵erential

Layer 1
Resin

2.51GPa 68.4 ⇤ 10�6 1
�
C

300µm
�T = 160�C

Layer 2
Materials

Variable Variable 40µm

Layer 3
Resin

2.51GPa 68.4 ⇤ 10�6 1
�
C

300µm

Table 2.2: Computation parameters of figure 2.5

Figure 2.5 shows an interesting evolution of the stress. A very soft sensor would see it’s
stress decrease rapidly, but as the sensor becomes sti↵er, the stress increase starts to slow
down heavily. This trend favours softer sensor just as much as sensor who have matching
CTE As shown on table 2.2, the composite stack is quite thin, as it is only comprised of
two layers around the sensor. In the next figure, the same parameters will be used but the
thickness of each layer of resin will be increased to simulate the e↵ect of a 20 plies composite.
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Figure 2.4: Stresses in the sensor.

Figure 2.6: Stresses in the sensor with 3mm thick resin layer on each side.

Figure 2.6 takes the same parameters as figure 2.5, except both layers 1 and 3 have their
thickness increase to 3000µm or 3mm. The result of increasing the layer thickness of the resin
is an overall increase in the generated stress and a increase in the sensitivity of stress to the
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Figure 2.5: Stresses in the sensor.

sensor Young’s modulus. For thick laminates the CTE matching becomes just as important
as a low Young’s modulus.

Interestingly, the depth at which the sensor is embedded has no impact on the stress in
this model. Indeed, regardless of the thickness of the layers above or below, they remained
summed in way that makes them indistinguishable. Only the total thickness, as shown with
the di↵erence of figure 2.6 and 2.5, has an impact on the generated stress.

2.2 Resin curing modelling

In the previous estimation of stress, we considered the resin to be a solid. This is only true
when the temperature of the resin is below T

g

for it’s given degree of cure. The states during
the curing are a bit more complex, the resin can be a liquid, a gel or a solid. The state
depends on both the degree of cure and the temperature, with the degree of cure being itself
dependent on the temperature history of the resin. Universally, the resin is liquid at the
beginning of the curing process, this will change when the cross linking of the molecules has
reached a certain stage, which is called the gel point.

The gel point is generally defined as the moment of formation of an infinite network
preventing flow. One of the consequences of the infinite network is the dramatic increase in
the resin viscosity. After the gel point, the resin has viscoelastic properties. A viscoelastic
material exhibit both an elastic and viscous behaviour at the same time. This means that
strain is not only dependent on the stress applied but also of the time of the applied stress.
In practice this means that even after the gel point, there will be little to no stress applied
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on the embedded sensor. As stress will result in a plastic deformation of the resin and a
relaxation. At some point during the curing, the glass transition temperature will increase
beyond the temperature of the resin. When this happens, the resin will transition from a
rubbery gel to a glassy solid. It is in this glassy state that most residual stresses will be
appear.

2.2.1 Degree of cure modelling

Since nearly all the resin properties are dependent on the degree of cure, we will need a model
able to predict the degree of cure throughout the curing. There exist multiple models for
the cure kinetics for thermosets, one such model is the Karkanas and Partridge[57] model.
The Karkanas and Partridge model is a mix between nth order model and an autocatalytic
model, making it a very suitable model for the RTM6 resin we are using. The equation is as
follow:

@x

@t
= A1e

�E1
RT (1� x)n1 + A2e

�E2
RT xm(1� x)n2 (2.9)

Where

• x is the degree of cure. x 2 [0, 1].

• R is the universal gas constant with the following value. (8.3144 J

mol K

).

• A1, A2 are the pre-exponential factor.

• E1, E2 are the activation energies in J

moles

.

• m, n1, n2 are the power.

The numerical value of those parameters is extracted from experiments. This has the
disadvantages of having set of parameters only suitable for a specific resin. Requiring a new
experiment for any new type of resin even if they are in the same family as an already known
and characterised resin.[58, 57] Not only that but the same resin can have wildly di↵erent
numerical values as shown on table 2.3 Care should be taken when analysing the result of the
simulation. Additional external factor such as the method and time of storage of the resin
before being used can also have an impact on the curing of the resin.

B. Wucher[55] G. Struzziero[59]
A1 2.6e4S�1 2.93e5S�1

A2 5.78e4S�1 1.23e5S�1

n1 0.449 3.96
n2 1.786 1.61
E1 7.469e4 j

mol

8.149e4 j

mol

E2 5.837e4 j

mol

6.423e4 j

mol

m 1.217 1.15

Table 2.3: The model constant given by di↵erent sources.
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The gel point, as defined in [55], is indicated by the black lines on figure 2.7, as for the
glass transition it can be seen on figure 2.9.

With the numerical value obtained from [55], and the cure cycle extracted from [60], the
cure evolution on figure 2.7 is obtained.

Figure 2.7: Degree of cure and curing cycle with the gel point shown by the black lines.

The method used to integrate 2.9 is a Runge-Kutta method, more precisely, the Cash
Karp method. The time steps were dynamically chosen with a maximum step size set at 60
seconds. The code in python used for the computation is available in the annex.

2.2.2 Properties approximations

Up until now, only the shrinkage due to CTE has been considered. But for epoxy resin there
exist another type of shrinkage which already mentioned in chapter 1, chemical shrinkage. As
the polymers starts to cross-link, the volume it occupies shrinks. For the RTM6, the overall
volume shrinkage can vary from 2% to 7% the initial volume[55, 61, 62].

Often, chemical shrinkage is characterised as either linear, quadratic or bi linear.[55, 21]
Often a inflexion point is observed near the gel point, but as already mentioned, only the
shrinkage occurring after the vitrification point is of interest. This allows us to take a linear
model for the evolution of the chemical shrinkage.

Since part of the chemical shrinkage occurs before the gel point and another part occurs
before the glass transition, only the small part occurring after the glass transition will generate
non-negligible residual stress. The overall generated strain by chemical shrinkage is given by
equation 2.10

✏
chemical

= (1� x)� (2.10)

Where � is the chemical shrinkage factor, for RTM6, its value is taken as �0.015[55]. Since
both the chemical shrinkage and the glass transition temperature are dependent on the degree
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of cure, the fraction of shrinkage occurring during the glass transition can be computed by
knowing for what degree of cure the glass transition occurs.

The CTE also changes with temperature. The evolution of CTE with the temperature
follows equation 2.11, when the temperature is below the glass transition temperature.

↵(T ) = 54 ⇤ 10�6 + 0.16 ⇤ 10�6T [
1

K
] (2.11)

Where T is the temperature in degree �C. Since in this work we are interested in the residual
stress and strain from the curing and not from an intermediate point, we can average the value
of the CTE between the maximum curing temperature and the room temperature without
introducing any error. The maximum value of the CTE is the glass transition temperature,
since the asymmetry between the heating expansion and cooling expansion disappear for
higher temperature. It is with this average value that all stresses will be computed with.

↵
avg

=
↵(T

g

) + ↵(T
ambient

)

2
(2.12)

Another important detail is the variation of the Young’s modulus with temperature and
degree of cure. Most assumptions about the stress appearing after the glass transition tem-
perature are based on the change of the Young’s modulus through the di↵erent phase of the
resin. Even then the Young’s modulus still change even when the resin has become a glassy
solid. Its evolution can be seen on figure 2.8. To simplify the computation, we will take an

Figure 2.8: Resin’s Young’s modulus Vs temperature. Image used courtesy of ANSYS, Inc.

average value since only the final result of stress is important to us. We can estimate the
error made by approximating the Young’s modulus as an average value, by comparing it to
the value when integrating the Young’s modulus over the temperature range.

e =

����
Z

Tf

T0

E(T )(↵1 � ↵2)dT � E
avg

(↵1 � ↵2)�T

���� (2.13)
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Stress computed with
an average Young’s modulus

[ N

m

2 ]

Stress computed with
an integrated Young’s modulus

[ N

m

2 ]

Absolute error[ N

m

2 ]
Relative error[%]

-30594533 -30649383
54849
0.17

Table 2.4: Stresses in the resin due to Young’s modulus approximations.

The results from table 2.4 are obtained with following parameters:↵1 = 2.6 ⇤ 10�6, ↵2 =
81 ⇤ 10�6 and �T = 155�C. From those result, we can safely approximate the Young’s
modulus with the average value between room temperature and the maximum temperature
of curing.

E
avg

=
E

T0 + E
Tmax

2
(2.14)

The heat capacity of the RTM6 resin also change with temperature and cure. The dependency
of the heat capacity on temperature are in the order of a few percent for every 30 degrees
�C and are very linear. Similarly, to the Young’s modulus, the average can be taken while
introducing only minimal error.

2.2.3 Glass transition temperature

Since most of the stress occurs after the temperature drops below the glass transition point,
the crossing point needs to be accurately estimated. The glass transition temperature evo-
lution over the degree of curing is given by the DiBenedetto equation shown on 2.15.[63]

T
g

= T
g0 +

(T
g1 � T

g0)�x

1� (1� �)x
(2.15)

The value of T
g0, Tg1 and � are fitted for a specific resin type. For the RTM6, the numerical

values are, �11, 206 and 0.435 for T
g0, Tg1 and � respectively taken from [55].

This equation combined with the Karkanas and Partridge model, allows us to estimate
when the resin goes through the glass transition if the curing cycle is known. A few as-
sumptions are made, the first is that the temperature throughout the curing and the resin
is homogeneous and equal that of the curing oven. This is true in thin pieces of composites
and resin, if the temperature changes slowly. The second assumption is that the heat of
enthalpy of the cross linking reaction is dissipating fast enough that no heat pocket is cre-
ated. By combining the previous result in 2.7 with the DiBenedetto equation, we obtain the
glass transition temperature evolution all throughout the cure cycle. The results in figure
2.9 allows us to refine our first computation of the residual stress. In the first computation
we took the highest temperature of the cure cycle, in this case 180�C, but from the result in
2.9, we can take a lower initial temperature of 160�C.

The equations and models allow us to compare more accurately di↵erent curing cycles.
The residual stress of di↵erent curing cycle is compared in the following table. The residual
stress from CTEmismatch were computed using equation 2.1, with the�↵ chosen accordingly
to T

g

and E = 170[GPa].
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Figure 2.9: Glass transition in dashed blue with degree of curing and curing cycle in contin-
uous blue.

Curing cycle
C160

Curing cycle
C180

Curing cycle
C180 Slow

Glass transition temperature [�C] 160 164 141
Residual resin stresses from CTE [MPa] 1520 1564 1314

Glass transition degree of cure [%] 0.896 0.907 0.845
Residual strain from chemical shrinkage [µ✏] 1664 1488 2480

Total Curing time [h] 5.5 6.15 10.5

Table 2.5: Glass transition comparison between di↵erent curing cycles.

The C180 cure cycle is shown on figure 2.10 and the c180 Slow is shown on figure 2.11.
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Figure 2.10: The C180 cycle and glass transition temperature evolution.

Figure 2.11: The C180 Slow cycle and glass transition temperature evolution.
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2.3 Strain gauge temperature dependence

The integrated sensor will be subjected to many extreme conditions during the manufacturing
process. Not only will the resin shrink chemically and due to CTE mismatch, but the curing
occurs at high temperature, up to 180�C. Pressure is applied on the mold, from atmospheric
pressure up to a few tens of bar depending on the process[10]. All those conditions will
modify the value read on the strain gauge during the manufacturing step and need to be
compensated to get an accurate read on the strain.

For this work, the curing cycle used is shown on figure 2.7. As for the pressure due to a
leak of the RTM mold, the process had to be swapped out to an autoclave at atmospheric
pressure, otherwise it would have been set at 6 bars.

2.3.1 Silicon strain gauge temperature dependence

The temperature compensation is made by computing the change of mobility in the bulk
silicon. A first approximation can be done via Mathiessen’s rule by summing the inverse
mobilities of di↵erent interactions sources. Those sources are interactions between carrier
and impurities, phonon, or other carrier.

µ =

✓
1

µ
Impurities

+
1

µ
Lattice

◆�1

(2.16)

For which their temperature dependencies are given as

µ
Impurities

=
BT

3
2

N
(2.17)

µ
Lattice

=
A

T
3
2

(2.18)

Where A and B are constants for a given material at a given impurity level. They can be
estimated from experimental measurement, for this case the measurement from [64] will be
used. The estimation of each constant requires to know the initial dopant concentration from
the sensor.

This can be extracted from the properties given in the specification sheet from BCM
sensor. The mobility of hole for P-doped silicon at room temperature for low and medium
dopant concentration is around 480 cm

2

V s

. By then using the equation 2.19, the concentration
of the BCM sensor can be estimated.

1

⇢
= q(µ

p

P
p

+ µ
n

N
p

) ⇡ qµ
p

P
p

(2.19)

The conductivity of the sensor can be computed from the resistance and geometry of the
sensor by using 2.20.

⇢ = R
l

tw
(2.20)

Where r = 1000, l = 0.26cm, t = 0.02cm, w = 0.004cm. This gives a result of ⇢ =
0.307⌦.cm. With equation 2.19 and the resistivity, the value extracted for the gauge doping
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is N
A

= 4.23 ⇤ 1016cm�3. This is an approximation as the value for the mobility may not be
entirely right. On figure 2.12, the resistances for di↵erent values of doping of a block with
the same dimensions as given above.

Figure 2.12: Resistance of a P doped block of silicon for di↵erent doping level.

With the extracted value of resistivity, ⇢ = 0.55⌦.cm extracted from [64], the constant A
can be approximated.

At high temperature and low doping, equation 2.16 can be simplified into

µ ⇡ µ
Lattice

(2.21)

We obtain a value of 1.616 ⇤ 106 and 5.64 ⇤ 1016 for A and B respectively.
For equation 2.16, the mobilities for the di↵erent interactions are simplified versions. To

obtain a more accurate description, the model of Klaassen [65, 66] will be used for this work.
The Mathiessen rule is still used but the mobility computation is more detailed. The total
carrier mobility is given by

µ�1 = µ�1
h,L

+ µ�1
h,D

+ µ�1
h,A

+ µ�1
h,e

(2.22)

Where µ
h,L

is the highest hole mobility achievable when only the lattice scattering a↵ects
the mobility. The value of µ�1

h,L

, is a parameter given in [65] and available in table 2.7.

µ
h,L

= µ
max

(2.23)

µ
h,D

is the mobility due to the minority impurity scattering. Unfortunately, the compu-
tation of the mobility requires the concentration of the minority impurities, which we do not
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have. Not only that but this mobility only becomes consequent at low temperature or at
high carrier density, neither situation is achieved in this work.

µ
h,A

is the mobility due to the majority impurity scattering. It is given by equation 2.24,
2.25 and 2.26.

µ
h,A

= µ
h,N

✓
N

ref,A

N
A

◆
↵1

+ µ
h,c

(2.24)

µ
h,N

=
µ2
max

µ
max

� µ
min

(2.25)

µ
h,c

=
µ
min

µ
max

µ
max

� µmin
(2.26)

Where µ
max

, µmin, ↵1 and N
ref,A

are given parameters from [65] and are available on table
2.7.

µ
h,e

is the mobility due to electron-hole scattering. The equation describing the mobility
for electron-hole scattering is the following:

µ
h,e

(n, c) = F (P
h

)µ
h,A

(N
A

= n, c) (2.27)

The electron mobility can be computed from equation 2.24 by using the electron concentra-
tion. The concentration of electron in a non-degenerate P type silicon semiconductor can be
obtained by using the neutrality of charge within the semiconductor.

p+N+
D

= n+N�
A

(2.28)

The function F (P ) is the mobility ratio between stationary secondary scatterer and moving
secondary scatterer. This function is fitted to match the experimental result.

F (P ) =
r1P

r6 + r2 + r3
m1
m2

P r6 + r4 + r5
m1
m2

(2.29)

Where m1 and m2 are the mass of the primary and secondary scatterer. the parameter p is
given by equation 2.30

P =
1.36⇥ 1020

c

m

m0

✓
T

300

◆2

(2.30)

And the parameter r
i

is given in table 2.6.

r1 r2 r3 r4 r5 r6
0.7643 2.2999 6.5502 2.367 -0.01552 0.6478

Table 2.6: Parameters fitting for mobility with electron-hole scattering

µ
max

µmin ↵1 N
ref,A

✓
h

470.5 44.9 0.719 2.23 ⇤ 1017 2.247

Table 2.7: Parameters value for the mobility model
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With this we have the mobility for silicon at room temperature, only the lattice scattering,
and the majority impurity needs to be adapted to take into account the e↵ect of temperature.
The e↵ect of electron-hole scattering is already considering temperature via the value of P
from equation 2.30 Equation 2.23 becomes

µ
h,L

= µ
max

✓
300

T

◆
✓i

(2.31)

Where ✓
i

is chosen to match the experimental data, it is available in table 2.7. As for equation
2.25 and 2.26, they become

µ
h,N

=
µ2
max

µ
max

� µ
min

✓
T

300

◆3↵1�1.5

(2.32)

µ
h,c

=
µ
min

µ
max

µ
max

� µmin

✓
T

300

◆0.5

(2.33)

With ↵1 being given in table 2.7.
The resulting change in resistance for a given temperature is shown on figure 2.13 where

the change of resistance are nearly linear.

Figure 2.13: Resistance Vs temperature.

2.3.2 Metallic strain gauge temperature dependence

Metallic strain gauge reacts di↵erently to temperature than silicon, in fact depending on the
kind of alloy it is made o↵ the dependence changes entirely. While the resistivity of metals
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is often modelled as changing linearly to temperature such as shown on 2.34, the output of
a piezoresistive strain sensor does not changes linearly to temperature.

⇢ = ⇢0 + ↵⇢0(T � T0) (2.34)

The non-linearity may come from the encapsulated nature of the strain gauge or due to the
way the comb pattern deforms when constraint and heated up. Regardless, the manufacture
of the strain gauge often measures the dependency on temperature and provide data to
compensate for it.

In the case of the Micro Measurments CEA-05-250UWA-350 Constantan alloy strain
gauge, a polynomial of the fifth order is given to compensate the output of the strain gauge
with. The polynomial has the form shown in 2.35.

✏
compensation

= a0 + a1T + a1T
2 + a3T

3 + a1T
4 + a5T

5 (2.35)

For our strain gauge the final temperature compensation is shown on figure 2.14

Figure 2.14: The thermal output of the metallic gauge.

As for the equivalent resistance change, it can be simply obtained by plugging the thermal
output in micro-strain into equation 1.2 to obtain �R. The �R is shown on figure 2.15
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Figure 2.15: The resistance o↵set due to temperature.

2.4 Conclusion of the analytical model

In this chapter di↵erent model were shown and analysed to learn the impact of di↵erent
parameters on the residual stress. It was found that sensor who impact the final strain of
the stacks generates less stress, albeit with the probable cost of deforming the final geometry
of the stack. While other parameter than the CTE mismatch a↵ects the residual stress, the
most sensitive parameter remains the CTE mismatch.

The second part of this chapter details how the variation of the materials properties was
handled for the curing. Most of them can be simplified into averages and give an accurate
approximation. As for the glass transition temperature, it was shown how the process can
a↵ect the moment and temperature of the transition and thus the resulting residual stress.

The third part of the chapter described the response of strain gauge to temperature, this
has a twofold use.
The first one is the compensation required during the curing process; it will allow to accurately
measure the strain after the glass transition has occurred. The second one, is the temperature
measurement before the gel point is reached.

With the analytical result studied, they can now be compared to the simulations and the
experimental data to verify their validity.
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Chapter 3

Numerical Analysis

In this chapter all the numerical simulations will be presented. The first parts will compare
two software for finite elements with a small thermal stress simulation.

Then all the simulations for the residual thermal stress of an embedded sensor in resin will
be shown. Those simulations will sweep di↵erent parameters to verify the analytical model
analysed in the previous chapter. The trends and absolute value will briefly be compared

Afterwards, the transient thermal simulation will be shown to verify the homogeneous
temperature hypothesis.

Finally, a small description of the original simulation objective is given and the why it
was not done in the end.

3.1 Simulations

During the previous chapter, it was shown that the geometry of the real problem is more com-
plex than any of the geometry of the analytical models analysed. This limits the analytical
model to give an approximation of the stress and it’s dependencies on di↵erent parameters.
Another problem is the orthotropic properties of CFC, most analytical model make the as-
sumption that the material are isotropic, which is only the case for the resin and sensor alone.
To obtain more accurate result, the use of finite element is required. Multiple simulations
for di↵erent situations have been made:

• Naked gauge within a composite during cooling only

– Parametric sweep: Temperature, Materials CTE, sensor geometry, position.

• A gauge with a baking within a composite during cooling only

– Parametric sweep: Temperature, Materials CTE both backing and strain gauge.

• Transient simulation for curing

– Curing evolution

– Temperature evolution
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– Full mechanical evolution(Was not done)

Each simulation comes with its own set of hypothesis and simplification and reflects di↵erent
situations. The reason naked gauge and gauge with baking were compared is due to the
availability of the di↵erent gauge at the time of experiment. For the experiments, gauge with
baking were used as they were the only one available at first. And while naked gauge became
available later on, the di�culties of soldering cable and placing them without breaking them
made them unusable. A simulation was still made with their geometry, as it is possible to
embed them, but it requires adequate manipulation. As for the cure evolution it was already
covered in section 2.2.1.

3.2 Simulation software

Nowadays, the number of finite element analyser available makes us ask a new question,
which one do we use. At UCL, quite a few are available, but two were chosen and compared.

• COMSOL Multiphysics®

• Ansys Student

Most of the simulations in this work have been made in COMSOL® , with the exception of
the temperature evolution simulation which was done in Ansys.

A small case study has been made to compare each software and make sure the result of
both is coherent with each other.

3.2.1 Modules

To create a working simulation each software requires modules. The modules vary depending
on the type of simulation. Table 3.1 shows the di↵erent modules required in each software for
the simulations listed at the beginning of section 3.1. COMSOL® has a di↵erent approach
than Ansys in terms of modules. In COMSOL®, the modules are separated in physics and
study while in Ansys, the modules represent the physics and the type of study within the
same module.

3.2.2 Case study

A small and simple simulation was done to compare the results of both software and confirm
that the final choice is arbitrary. The simulation consists of three blocks, two made of steel
and one made of silicon. The cubes of steel have a 20mm side, while the block of silicon is
20mm wide and long but has a thickness of 5mm. The block of silicon is sandwiched between
the two block of steel and then the whole tower of blocks is heated up.

The situation is similar to the simulation done for the sensor embedded in the resin.
This is to compare the module that would be used for this work. Another point is that the
geometry now matches perfectly the multi-layer model analysed in section 2.1.3, allowing us
to compare the results of both software to an analytical model.
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COMSOL® Ansys

Thermal expansion
Residual stress

Solid Mechnaics
Heat transfer in solids

Multiphysics: Thermal expansion
Study: Stationary

Steady state Thermal
Static structural

Thermal gradient
analysis during

cure

Heat transfer in solids
Study: Time dependent

Transient Thermal

Full cure analysis

Solid Mechnaics
Heat transfer in solids

Multiphysics: Thermal expansion
Custom script(Curing)
Study: Time dependent

Transient Thermal
Transient Structural

ACCS(Composite cure simulation)

Table 3.1: Modules and submodules necessary for each simulation

In table 3.2, all the material properties used for both simulations are set. Originally,
custom materials value were to be chosen but di�culties were encountered in making the
solutions converge, thus pre-available materials in Ansys were taken.

Density
Kg

m

3

Thermal
Conductivity

W

m.K

CTE
1

�
C

Heat capacity
j

Kg.K

Young’s
Modulus

Pa
Poisson ratio

Steel 7850 60.5 12 ⇤ 10�6 434 2 ⇤ 1011 0.3
Silicon 2329 154.3 2.578 ⇤ 10�6 695.1 162.7 ⇤ 109 0.27

Table 3.2: Material properties used for the software case study

Before even creating the mesh, attention is required in some of the default value in both
software. The first step to both software is to fix the geometry, otherwise the solution will
simply not converge. In Ansys, it is done via remote displacement sub-module in the static
structural module. In COMSOL®, it is done via the rigid motion suppression sub-module
in the solid mechanics module.

The second step is to define the final temperature and the initial temperature, care should
be taken as in Ansys the temperature is by default taken in Celsius and in COMSOL® in
Kelvin. Temperature and initial temperature are both sub-modules of the heat transfer in
COMSOL® and steady-state thermal in Ansys. It is important for those who wants to
change the initial temperature in COMSOL®, to also change it in the thermal expansion
sub-module of the multiphysics module.

After all parameters have been entered, our geometry needs a mesh. Both softwares
have their own built in mesh builder, but both allows to import meshes too. In this case
the mesh of each software were created using their built in tool. For Ansys, by default, the
meshes pattern used were squares as shown on figure 3.1. Unfortunately, COMSOL® doesn’t
generate square with it’s built in tool. Instead, a patch conforming method sub-module was
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used in Ansys to generate a tetrahedral mesh.

Figure 3.1: The quad mesh of Ansys default.

To compare similar mesh, di↵erent parameters for building said meshes had to be fixed
in both software, the resulting parameters are available in table 3.3.

With the resulting meshes in place and both software configured to simulate the same
event, both computed their results.

The only noticeable di↵erence between the two software is the meshing, while the number
of elements is nearly the same, the way some of the mesh element follows some contour is
di↵erent. This result in the only noticeable di↵erence where the stress propagation at the
corner is slightly greater in Ansys than in COMSOL®. Apart from this minor di↵erence, the
overall shape and magnitude of the stress distribution is extremely similar in both software.
Now that both software have been shown to be equivalent in terms of final solution, the
choice of either becomes arbitrary.

The results of both software can be compared to the analytical model of section 2.1.3 to
obtain a first estimation of the accuracy of said analytical model. The comparison is between
the average Von Mises stress in the silicon layer in both COMSOL® and Ansys and the stress
given by equation 2.8.

41



Ansys COMSOL®

Element size 1.35mm Minimum element size 0.5mm
Max size 2mm Maximum element size 2mm

Growth rate 1.5
Maximum element

Growth rate
1.5

Mesh
number of elements

37960
Mesh

number of elements
36903

Table 3.3: Software parameters for the meshing and resulting number of elements

Figure 3.2: Resulting Von mises stress for thermal CTE mismatch in Ansys.

Figure 3.3: Resulting Von mises stress for thermal CTE mismatch in COMSOL®.
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Analytical Result
N

m

2

COMSOL®

N

m

2

Ansys
N

m

2

5.12 ⇤ 107 3.77 ⇤ 107 4.1 ⇤ 107

Table 3.4: Average predicted stress in the silicon block.

3.3 Baked gauge thermal mismatch

The first simulation consisted of simulating the cooling down of the composite with the baked
gauge within. The baked gauge consisted of a piece of rectangular silicon on top of a modified
polyimide backing. The properties of silicon are well known and defined, but less is known
about polyimide, it is also a modified version of it. The materials properties are represented
on table 3.5. As for the exact dimension of the sensor, baking, and resin block, they are in
table 3.6

Density
Kg

m

3

Thermal
Conductivity

W

m.K

CTE
1

�
C

Heat capacity
j

Kg.K

Young’s
Modulus

Pa
Poisson ratio

Epoxy 1140 0.15 68.4 ⇤ 10�6 1100 2.51 ⇤ 109 0.38
Silicon 2390 130 2.1 ⇤ 10�6 700 170 ⇤ 109 0.28

Polyimide 1300 0.15 9 ⇤ 10�6 1100 3.1 ⇤ 109 0.4

Table 3.5: Material properties used for the residual stress simulations

Width
mm

Length
mm

Thickness
mm

Sensor 0.2 2.6 0.04
Baking 3 5 0.03
Resin 8.75 25 2.5

Table 3.6: Dimension of the resin, baking and sensor used for the simulation

At first to hasten the global simulation of the embedded strain gauge, the global property
of the backing and gauge were examined. Unfortunately, due to the asymmetric placement
of the gauge on the backing, only a fully anisotropic model could be used. Not only was an
anisotropic model less convenient but the extraction of the elasticity modulus matrix was
complicated. The definition of the elasticity matrix components is the following:

0

BBBBBB@

�11
�22
�33
�12
�13
�23

1

CCCCCCA
=

0

BBBBBB@

C1111 C1122 C1133 C1211 C1311 C2311

C1122 C2222 C2233 C1222 C1322 C2322

C1133 C2233 C3333 C1233 C1333 C2333

C1211 C1222 C1233 C1212 C1312 C2312

C1311 C1322 C1333 C1312 C1313 C2313

C2311 C2322 C2333 C2312 C2313 C2323

1

CCCCCCA

0

BBBBBB@

✏11
✏22
✏33
2✏12
2✏13
2✏23

1

CCCCCCA
(3.1)
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From equation 3.1, we can compute the matrix component of a material by measuring the
strain due to an applied stress. This works well if the deformation in a direction is uniform,
but as shown with figure 3.4, the deformation in the horizontal axis is dependent on where we
take it on the vertical axis. An average could be used for two directions but the deformation
in the direction going through the gauge and the backing made the simplification of the gauge
impossible. The whole strain gauge being a non-trivial geometry rendered the entire point
moot.

Figure 3.4: Silicon gauge deformation to a uniform horizontal load.

A second simplification has been made but this time to the composite. In [7] it was shown
that di↵erent way of embedding the strain gauge result in di↵erent interaction between the
gauge, the reinforcement and the matrix. In this work we only consider the resin for multiple
reasons, one of them is the sheer complexity involving the whole composite. Another reason
is the resin only is the worst-case scenario. Due to the complexity of the system, the worst
case will represent whether embedding the strain gauge is actually feasible. Depending on
the way the gauge is embedded, where it is placed and what size is the gauge, the final
residual stress may be quite di↵erent. For example, not all gauges have the same size and
as shown in figure 1.2, not all weaves are the same. If we take a unidirectional fiber with a
small silicon gauge, the stress applied due to the fiber on the gauge will be very di↵erent if
we take a five-harness satin weave and place a metallic gauge at the junction of 4 tows. A
second reason for this simplification is creating a geometry for a particular weave is extremely
hard, especially when you start considering the density of the carbon fiber composite and the
manufacturing process. The result of the percentage of matrix vs reinforcement is generally
dependent on the manufacturing process. It also changes from pieces to pieces within the
same manufacturing line.

All those simplification result in the geometry shown on figure 3.5, where the strain gauge
and backing are surrounded by a block of resin. There are three physics nodes used in the
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simulation. The Mechanical physics node is used to estimate the stress and strain that will be
generated. The thermal expansion node is used to simulate the di↵erent thermal shrinkage
from the resin, backing and strain gauge. The heat transfer node is used to generate the
di↵erence of temperature between the glass transition temperature and the ambient temper-
ature.

Figure 3.5: The baked gauge geometry.

3.3.1 Positioning impact

The first parameter to be analysed is the depth at which the strain gauge is embedded. In
the model of Chun-Hway Hsueh[8], changing the depth correspond to shifting the thickness
of layers above to layers below or vice versa relative to the studied layer. And from equation
2.8, we can see that regardless of how the di↵erent layers thickness are shifted, as long as the
total thickness remains the same, the stress shall remain the same too. This is the case too
even when the layer representing the strain gauge is the topmost layer. A quick parameter
sweep was done in the simulation where the strain gauge is slowly rising from the center of
the resin to one of it’s boundary until the backing lays on top of the resin. The results can
be seen on figure 3.6, where the stress start to decrease, albeit slowly, even before the strain
gauge is partially out of the resin.

The resulting decrease in the average stress can be attributed to how the baking, com-
presses the strain gauge. The baking is made of modified polyimide which has a CTE closer
to silicon than the RTM6. This reduced CTE mismatch and the fact that the backing is
not compressed by the resin from all sides any more results in a reduced stress on the strain
gauge. This tells us that strain gauge working for surface measurement of CFC might not
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be suited for embedded design.

Figure 3.6: Strain gauge average stresses Vs embedding depth.

3.3.2 Corner singularities

The strain gauge used in the previous sweep was a simple bar with fillet to round the corner
and avoid singularities. There exist many other geometries, many who are used with metallic
gauge such as the comb pattern. The first geometry change was the introduction of fillet
to the strain gauge, the goal of those fillet was to verify the presence of singularities in the
simulation. The fillet were introduced with a radius of half the gauge thickness to obtain a
perfectly smooth side. As shown on figure 3.7, the di↵erence between the two geometries is
small enough to discard the singularities. The biggest di↵erence is the maximum x component
of the stress tensor in the strain gauge which can simply be explained by the abrupt corner
of the squared geometry. Another geometry assessed is the comb geometry.

3.3.3 Thermal mismatch sensitivity

In all analytical models, the stress variation always varies linearly to the temperature dif-
ference. While this might be true for small temperature di↵erence, it does not consider the
mechanical nonlinearity. A sweep is performed on the temperature di↵erence to observe how
the linear hypothesis holds within the range of temperature of real curing cycle.

Figure 3.8 shows that linearity of the stress due to temperature holds over the range of
cure temperature even with the geometric non linearity. Even at low temperature di↵erence,
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the stress is still substantial, this is the result of high CTE mismatch and high Young’s
modulus.

3.3.4 Resin thickness sensitivity

In the previous chapter, the models showed a very high sensitivity to the thickness of the
resin layers. The cause was highlighted as the increased strain of the sensor layer due to
the other layer higher relative thickness. A sweep was performed from a 100µm thick resin,
which is thinner than a single carbon fiber ply, up to 10mm which is the thickness of a thick
composite stack.

The results shown on figure 3.9 corroborates the analytical models, as for a thin resin
block, the stress are smaller than for a thick block. The stress quickly plateau after the total
layer thickness of the resin becomes 25 times thicker than the sensor layer. This is expected,
as after a certain threshold is reached, the resin has applied its full deformation upon the
sensor and cannot apply further deformation without external forces.

Figure 3.7: Max stresses, Fillet Vs Squared geometry.
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Figure 3.8: Average stress Vs varying �T .

Figure 3.9: Average stress Vs varying resin thickness.

3.4 Naked gauge thermal mismatch

The second sets of simulations were very similar to the first one, except the geometry was
altered. The baking of the strain gauge was removed, leaving only the gauge. This resulted
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in a symmetrical problem which is much simpler. While strain gauge with this geometry were
available, there fragility when manipulating them, made them unusable for our experiment.

3.4.1 Positioning impact

The same sweep on the position of the naked gauge was performed to determine how the
backing a↵ected the stress induced on the gauge. Since the problem is no longer asymmetric,
the stresses will be redistributed but the overall magnitude of the stresses should remain
similar.

Figure 3.10: Strain gauge average stresses Vs embedding depth.

The results on figure 3.10 and 3.6 show that the backing has very little influence on the
overall stress in the strain gauge. The decrease in stress even before the strain gauge is
partially out of the resin is also present in the case of the naked gauge. The phenomenon
may come from the very thin layer of resin above which is unable to put much stresses upon
the much sti↵er silicon strain gauge.

This also tells us, that the deeper the strain gauge is, the more stress will be placed upon
it. The stress will plateau to a maximum but the most interesting place to have a strain
gauge is also the harshest on the gauge.

3.4.2 Sensor geometry

In the last subsection, it was observed that fillet made only a small di↵erence, so this time
the comb geometry mentioned above is analysed. The geometry of the sensor is shown on
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figure 3.11, it is not exactly the same as the commercial sensor as it does not have the same
amount of beam, but the general geometry remains similar.

Figure 3.11: Comb sensor geometry.

Square gauge Comb gauge
Average stress tensor x direction N

m

2 �2.736 ⇤ 108 �2.262 ⇤ 108
Max stress tensor x direction N

m

2 �3.489 ⇤ 108 �8.645 ⇤ 108
Average stress tensor y direction N

m

2 �3.088 ⇤ 107 �4.948 ⇤ 107
Max stress tensor y direction N

m

2 �1.085 ⇤ 108 �6.430 ⇤ 108
Average stress tensor z direction N

m

2 �2.837 ⇤ 106 �2.487 ⇤ 106
Max stress tensor z direction N

m

2 �1.088 ⇤ 108 �2.224 ⇤ 108

Table 3.7: Average stress comparison between the comb geometry and square geometry.

The di↵erences shown in table 3.7 are small. Despite the geometry changing quite dra-
matically, the overall order of magnitude stayed similar for the average and maximum stress.
In the case of the comb, while the average stress was smaller than the square geometry in
the x and z direction, the maximum value obtained in those direction was higher in absolute
terms. This may result in lower measured residual strain but a higher likelihood of failure
during its lifetime. Regardless since the magnitude of the stress remains the same, it is un-
likely for the geometry to impact whether the embedding of a sensor is feasible or not. The
only reasons for geometry would be the size constraint imposed in chapter 1. Note that to
keep the comparison relevant we kept the material of the strain gauge in the simulation to
silicon. This shape is used mostly for metallic commercial gauge.
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3.4.3 Thermal mismatch sensitivity

The analysis is the same as in section 3.3.3, except without the baking of the gauge. Since
the baking had a slightly di↵erent CTE and Young’s modulus than the resin, the results are
expected to be slightly di↵erent.

Figure 3.12: Average stress Vs di↵erent temperature delta.

The result of figure 3.12 follow the same trends as figure 3.8 which is expected. Something
surprising, is the very slight decrease of the stress in the x direction of the naked gauge
compared to the baked one. Indeed, since the CTE mismatch between the baking and the
sensor was smaller, the absence of baking would lead to think the stress would increases.
This slight decrease might be the result of the lower sti↵ness of the epoxy compared to the
polyimide. While to reduce the residual stress of the sensor, we could surround it with a softer
material, the strain transmission between the composite and the sensor may be compromised.

3.4.4 Resin thickness sensitivity

The exact same pattern that happened for the thermal mismatch happened here. The overall
stress is diminished, and the trends remains the same as with the baked gauge on it. Inter-
estingly the analytical model predicted stronger stress for thick layers of resin. From figure
2.6, the stresses for a total of 6mm of resin and a CTE mismatch of 66 ⇤ 10�6 are around
1.250GPa compared to 1GPa of figure 3.13
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Figure 3.13: Average stress Vs total thickness of the resin.

3.5 Temperature evolution

One of the hypotheses in all simulation is the homogeneity of the cure and temperature.
While the homogeneity of the cure is di�cult to verify, the homogeneity of temperature is
not. Two points need to be addressed to verify temperature homogeneity. The first is the
heat emitted from the cure reaction, as the resin starts to cross link, it generates heat which
needs to be dissipated. The second point is the thermal inertia of the mold and the resin.
As the oven heats up the resin and mold will follow but since their heat capacity isn’t zero
and their thermal conductivity isn’t infinite, the temperature of some part of the resin and
mold may lag behind the temperature of the oven.

3.5.1 Generated Heat

The first aspect to model is the heat generation due to the cross-linking. This was done
with the cross linking enthalpy, H = 432J

g

, which was given in [67] for the RTM6. The heat
emitted from a partial curing, ẋ, of a block of resin with mass m, is given as:

E = mHẋ (3.2)

To verify whether the heat generated is being dissipated fast enough, the samples were
modelled as a two parallel heat circuit. One representing the dissipation of the heat through
the resin-air circuit and the other representing the resin-mold-oven plate circuit.

The thermal resistance of the resin and mold can be computed if we make the hypothesis
that the heat flows only in a single direction. Due to the low heat conductivity of the
resin and its thinness, it is valid in the center piece of the sample. Close to the side, this
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(a) Temperature boundary conditions (b) Convection boundary conditions

Figure 3.14: Simplified heat circuit models.

approximation breaks down as the heat can be dissipated via the side of the mold. Despite
the approximations not being valid anymore, since the side would dissipate more heat than
the center, if the center dissipates heat fast enough, so will the sides.

The resistance of the resin and mold can be computed with the Fourier law.

R =
t

Ak
(3.3)

where t is the thickness of the material, A the surface area which the heat goes through and
k the thermal conductivity of the material. k has been extracted from Granta edupack of
Ansys.

Before calculating the heat generated by the reaction, the boundary between the resin
and the air needs to be characterised. As of now we considered both the boundaries between
the mold and oven and between the resin and air to be set at the temperature of the oven.
While this is true for the bottom of the mold, it is not for the top of it. The excess heat is
dissipated via convection with the air. Convection in the equivalent circuit is also represented
as a resistor, except the resistor value is calculated di↵erently.

Starting with Fourier’s law in 3.3, the thermal conductivity can be replaced by the heat
flux with the following equation:

q = k
�T

t
(3.4)

To give.

R =
t

Aq t

�T

(3.5)

Which can be simplified into.

R =
�T

Aq
(3.6)
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The heat flux from convection can be computed from the surface area and the convection
coe�cient. For the numerical value of the convection coe�cient, the value was extracted
from [68], as a typical value for free air. Convection heat flux is given by.

q = h�T (3.7)

Replacing the heat flux in 3.6 by 3.7 will yield the following equation.

R =
�T

hA�T
=

1

hA
(3.8)

All the numerical for the sample are shown on table 3.8.

Resin Mold Resin air interface
thickness(t) 4mm 5mm NaN
Area(A) 64cm2 64cm2 64cm2

Thermal conductivity(k) 0.18 W

m�C 16.2 W

m�C NaN
Convection coe�cient(h) NaN NaN 5 W

m

2�C
Thermal resistance 3.47�C

W

0.0482�C
W

31.25�C
W

Table 3.8: Numerical value used to estimate the maximum temperature gradient in the resin.

To make sure the hypothesis is always valid, the maximum power emitted from the cross
linking is taken.

P
crosslinking

= mHmax(ẋ) (3.9)

Where ẋ is the curing done in a one second step. The value obtained for the maximum
heat power emitted is 0.6W , combined with equivalent thermal resistance value, it gives a
maximum temperature gradient of 1.91�C. Given this is the worst-case temperature gradient
that can occur with the curing cycle shown on figure 2.7, it is safe to assume the temperature
is homogeneous enough for our study.

3.5.2 Thermal inertia

A transient thermal simulation was done in Ansys to verify the hypothesis of homogeneous
temperature. The simulation aimed to be as close to the experiment described in chapter 4.
The geometry consisted of the steel mold containing the resin as shown on figure 3.15

As for the material properties, they are the same as the other simulation and available in
table 3.5.

The resulting gradient is shown on figure 3.16, where apart from the initial spike, the
gradient is always below 1 degree. As for the spike during the beginning, it’s origin is the
transfer of the mold from the vacuum chamber to the oven. The details are available in
chapter 4

During both simulation the strain gauge was neglected due to its relatively small size to
the composite. The thermal inertia results will be compared to the experimental data. The
strain gauge are monitored during the whole curing cycle, and during the beginning most of
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Figure 3.15: Thermal transient geometry.

the signal from the gauge comes from the temperature. This will give a coarse measurement
of temperature until the gel point is reached.

Figure 3.16: The temperature gradient throughout the curing of the resin.

3.6 Full transient simulation

The original goal for the simulations, was a full transient simulation of the curing process.
This full transient simulation would then have been compared to all the simpler one to test
the accuracy of a simplified model. Two mechanical models are required for the complete
transient simulation of curing.

The first model is a viscoelastic model, it would be applied to the resin until the glass
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transition temperature is above the temperature of the resin. Unfortunately, viscoelastic
model requires many parameters to model. In addition to the classical linear elastic model
parameters, The Young’s modulus, the Poisson’s ratio and the shear modulus, the viscoelastic
model needs the shear relaxation modulus and the bulk relaxation modulus. As already shown
in section 2.2.2, those materials properties change not only with the degree of cure but also
with temperature making the already cumbersome model even more complex.

Then comes the second model, the linear elastic model of the resin who is no longer
above the glass transition temperature. The model is simple and the properties while having
a temperature dependence remains simple to obtain. The di�culty lays in the transition of
material properties between the viscoelastic model and the purely linear elastic model. For
example, the elasticity tensor between the gel state of the resin and the glassy state are not
equal, and a transition is required. In Wucher and Martiny[55], the transition of the elastic
tensor is linearly interpolated between the two values of the di↵erent states. In other such
as Svanberg[69], the transition is abrupt.

The second linear elastic model is used as an approximation as it does not take into
account the relaxation behaviour of the resin. In literature, the relaxation of the resin has
been characterised in multiple ways, one of them involves a time-cure-temperature concept
in [70]. Viscoelastic models are also used to describe the relaxation of the resin.

There exist some modules in Ansys that already do the full cure simulation, unfortunately
it is not available to student, and setting up a custom script would have taken too much time.

3.7 Conclusion of Numerical Analysis

In this chapter all the numerical simulation that were done for the work have been presented.
First was the choice of which software to use, which was more of a question of familiarity since
the results remains the same in both software. Then came the simulation of the baked gauge,
the gauge that will be shown next chapter in the experiment. Many sweeps were performed
to understand what could a↵ect the residual stress and if the analytical model in the previous
chapter gave a similar trend. Afterwards came a simpler gauge, completely naked without any
baking. The result ended up similar but with a small, surprising di↵erence. Another geometry
was also tested to observe the impact on the residual stress, surprisingly little di↵erence was
observed. Continuing, one of the important hypotheses was tested with a superposition of
an analytical model for the heat generation and the simulation for the thermal inertia. Both
showed very good agreements with the hypothesis, with the only exception being the transfer
from the vacuum chamber to the oven. Finally, a brief explanation was done on the original
goal of all the simulations and why it was not done.

Most of the numerical simulations remains coarse estimations and only covers the thermal
mismatch at the end of curing. They can still give a good insight in to how the di↵erent
parameters a↵ect the residual stress. For example, very thin composite will yield lower
residual stress and thickening said composite will quickly rise the stress until it reach a
plateau. Interestingly, geometry has very little e↵ect on the residual stress. This is one less
parameter that can be used for reducing the stress, on the flip side, it allows for any shape
of sensor to be embedded without worrying about increasing the risk of failure.
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In the new chapter, the result will be compared to an embedded sensor.
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Chapter 4

Experimental study

In this chapter, the experiments and their preparation are described. First the preparation of
the embedding of the sensor which is as important as the di↵erent parameters for the stress
to achieve a successful implementation.

Then it is followed by the result of the in-situ monitoring of the curing. The output of
both gauges is then analysed first the strain output and then followed by the temperature
for the first hour.

This finishes with the result of the bending test, where the gauges are strained higher
than the aeronautic requirements. The static residual strain is also compared to what the
analytical model gave and the result of the numerical simulations.

The two gauges used here are the following:

• Silicon gauge: BPY-1000-2.6-U-I-RL from BCM sensor technologies

• Metal gauge: CEA-05-250UWA-350 from Micro Measurments

4.1 Experiment plan

4.1.1 The Initial plan

The original idea for the experiment was to implement a sensor inside a stack of carbon fiber
who then be processed in an RTM press. The gauge would have been implemented between
the first and second plies just as shown on figure 4.1.

The objectives were the following:

• Observe any gauge failure.

• Measure the strain from the gauge.

• Test the maximum strain until failure.

Unfortunately, the process needed to cut away around 1 cm of every sides. The cutting is
needed as the weaves degrades near the cut sides, just as shown on figure 4.5. The connection
to the sensor would then be lost as the cable would be cut away with the composite, leaving
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Figure 4.1: The original experiment.

only the cross section of the wire. The wire being less than a millimetre thick would have
been extremely hard to make contact with.

Another point that was overlooked was the fact that carbon fiber are conductive and thus
without proper insulation of the sensor from the weave, it would have been shorted. This
can easily be addressed by enveloping the sensor in a little bit of resin before putting it in
the stack.

The contact with the sensor may have been resolved in two di↵erent solutions. The first
would be to make the wires go through the plies of carbon fiber. As shown on figure 4.5,
the wires are small enough, that they could potentially pass through the plies in between the
tows. This method would result in a distortion on weave around the fiber which would be
unacceptable for aeronautics CFC but would allow to test a gauge inside a stack of carbon
fiber. The second method is more complex and requires either the cooperation of the carbon
fiber manufacturer or additional treatment. It consists of using the conductivity of the carbon
fiber itself. By connecting the sensor to a a specific tow who hasn’t been coated to insulate it,
after the cut and polishing of the composite, the connection can be done by simply contacting
the right tow on the external surface.

4.1.2 The second plan

Since embedding the sensor and getting a reading after the processing of the CFC would
be overly complicated, we switched to a surface mount for the sensor. Two sensors were
prepared, one which had its wire going out of the mold for an in situ monitoring of the cure.
The second sensor would have it’s cable remain in the mold where they wouldn’t be trapped
in resin just as shown on figure 4.3.

The transparent layer atop the sensor is a sheet of Teflon. It is used in this case to the
wires to be freed from the resin without damaging either the wire or the composite. The
diagrams on figure 4.3 show the process of freeing the wire. The resin doesn’t stick to the
Teflon sheet, allowing us to lift o↵ the resin layer above it. Since that layer is very thin,
it can easily be broken without damaging the wire, freeing them and allowing us to take
measurement.

For the wires going out of the mold, they would be connected to a digital multimeter.

59



Figure 4.2: The two sensors with their respective position.

The mold while made out of steel, would not short the wire even if their jacket was stripped.
This is due to all the surface treatment of mold, to avoid having the resin of the composite
stick to the surface of the mold, it is coated in release agent. The release agent here made
the mold completely non conductive from any surface.

As already mentioned in section 2.1.3, the analytical model does not consider the position
of the sensor, the results could thus be compared without any modification to the analytical
model. The numerical analysis on the other hand predicted reduced stress at the top of the
resin, even when the sensor was surrounded by resin but close to the surface which would
have been the case here. This experiment would have also shown if the strain gauge could
have survived an RTM process.

Unfortunately, the mold had a leak, and the vacuum could not be formed properly. It was
later found that the leak came from the input valve of the resin, and due to a time constraint
at that point, the experiment was switched.

Before this experiment was switched, the research of the leak had taken its toll on the
sensor. To search the leak and verify each of our assumption we had to take out the mold
out of the press, open it, get the samples out and then back in. At some point, the samples
were kept out of the procedure, but not before going through the cycle a few times. Before
starting the new experiment, both gauges had to be soldered back as the resistance of either
could not be measured any more. During that time both gauges had already been soldered
back once, but this time only one of the gauge could be brought back as the other lost the
golden wire connecting the gauge and the solder pad. The damaged gauge is shown on figure
4.6. This also serves to illustrate how much care is required when manipulating such small
gauge and why naked gauge weren’t used in this experiment.
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Figure 4.3: Procedure to free the wire from the resin. Wire in blue, resin in orange and the
carbon fiber in black.

4.1.3 The third plan

The third plan was simply to put a gauge inside a block of resin then cure it in an oven.
While this is simplified compared to the CFC manufacturing, it has the advantage of being
a worst-case scenario since the CTE mismatch is the highest between the strain gauge and
resin. There was also the added benefit of simplifying the in-situ monitoring of the cure since
the curing would occur in a simple oven.

To replace the irreparably damaged silicon gauge, a metal strain gauge from Micro Mea-
surment was used. Both silicon and metal gauge where then taped to the bottom of the mold
which was filled with liquid resin afterwards.

For the In-situ monitoring, two Keithley 2000 digital multimeter were used, one for each
sensor. The wires of each sensor were passed through the door of the oven and connected
with a small clamp to the multimeter. The oven used and the cured sample still connected
to the multimeter can be seen on figure 4.8
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Figure 4.4: The exiting wire for In-situ monitoring of the cure.

Figure 4.8: The sample, oven and multimeter at the end of the curing cycle.

4.2 Experiment

The total curing cycle of the RTM6 resin took 5 hours and half to complete. But even before
the curing could begin, a few preparations steps had to be done.

4.2.1 curing

The first step of the preparation consisted of coating the entire mold with release agent,
otherwise the sample would not have come o↵.
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Figure 4.5: The second alternative and clear quality degradation of the weave at the sides.

Afterwards each of the gauges were fixed to the mold via tape. Due to the di↵erent way
the gauge were connected to the wires, the tapes were either put on the wire or on the gauge
itself. The goal of the tape was to keep the gauge from floating and keep them parallel to
the mold.

The mold was then filled with RTM6 epoxy who had been heated up from the cold
storage. Before the curing could begin, one last step was required. To keep the number of
voids within the resin, it was put in a vacuum chamber for 8 minutes at 90�C to degas, the
it was transferred into the oven. The recording of the strain gauge resistance began during
the transfer.

4.2.2 Result

The recorded resistance throughout of both gauges are shown on figures 4.10a and 4.10b.
The little dip at the beginning is due to the transition from the hot vacuum chamber to the
hot oven passing by the ambient air. The initial values for both gauges were taken with a
multimeter. The measurement of the silicon gauge is shown on figure 4.9. The initial silicon
gauge resistance was 1069⌦ and the initial resistance of the metallic gauge was 349.8⌦

The absolute values for the metallic gauge are an anomaly, unfortunately it was noticed
much later. Despite the value having a clear anomaly, the trend of both gauge remains very
similar, with the silicon greater sensitivity amplifying the signal compared to the metal low
sensitivity. This trend is also observed in the literature, in [71], at vitrification a dip in the
strain is observed.

The value of the observed strain with the temperature correction is shown on 4.11b, this
value for strain is much higher than what is expected. But the most bizarre part, is the fact
this value goes back to what was expected when the bending test was performed as shown
on figure 4.18. Multiple sources of error have been compiled in the following list, but it was
not investigated further due to the time between the experiment and the discovery of the
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Figure 4.6: The right gold lead and solder pad are missing, rendering the gauge inoperable.

anomaly.

• The multimeter was not well calibrated.

• The tape was putting strain on the gauge.

• A big parasitic parallel resistance was present.

• The initial resistance measurement was erroneous.

Converting the resistance value of the gauge to strain is not as straight forward as just
using equation 1.2. Due to the temperature of the gauge, first its thermal output needs to be
computed and then subtracted. The computation of the thermal output of both the metallic
and the silicon gauge have been done in section 2.3. The result from using those analytical
models to o↵set the strain gauge output is shown on figure 4.11

As already mentioned above, the expected absolute value for the metal resistance were
o↵ by a few Omhs which leads to the gauge reading a percent of deformation throughout the
cure. This unfortunately renders the extraction of the temperature from the gauge all but
impossible.

For the silicon gauge, the analytical model seems to overcompensate the e↵ect of temper-
ature on the gauge. This could come to multiple reasons which are listed here:

• The analytical model predicts a higher increase in resistance than reality.

• The change in the gauge factor of the gauge is not considered.

• The temperature of the curing cycle is not the temperature of the gauge.

• The e↵ect of the baking is not considered properly.
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Figure 4.7: The placement of the two gauges in the resin.

Thermal resistance overestimation

For the first possibilities, on the package of the manufactures the resistance shift due
to temperature is estimated to be TCR  0.4% ± 10%. Compared to the increase of the
analytical model it is indeed smaller but the gauge is rated for temperature up to 125�C
for static application. The higher rating of 190�C for dynamic application is normally only
sustainable for two hours, meaning the resistance shift given by the manufacturer might not
be valid anymore. The comparison between the analytical model and the manufacturer shift
is given on figure 4.12a and the strain extracted with the manufacturer shift is given on figure
4.12b.

Now instead of overcompensating the thermal output, it is under compensating. It was
shown with the model of curing in section 2.2.1, that the glass transition only occurs in the
middle of the 160 �C plateau, before that the resin is liquid and thus most strain should be
negligible. Despite this with the manufacturer data, we are still observing nearly a 1000µ✏
right at the glass transition.

Neglected Gauge factor

Since very little are predicted to appear during the early phase of curing, the influence
of the temperature on the gauge factor was neglected. The gauge factor is expected to lose
half of its value when the gauge reach a temperature around 125�C. By taking the e↵ect of
temperature on the gauge, the readings of the gauge are amplified as shown on figure 4.13.

The addition of the variable gauge factor also smoothed out the strain variation at the
end of the curing. This is due to the much lower gauge factor during the 180�C plateau
which registered a much greater strain and the subsequent cooling strain shift which remains
nearly unchanged.

Wrong gauge temperature
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Figure 4.9: Multimeter measurement of the silicon strain gauge.

(a) Silicon resistance through curing (b) Metal resistance through curing

Figure 4.10: Strain gauge resistance evolution throughout curing.

This is likely to be the major source of the inabilities to properly compensate the thermal
output of the gauges. Up until now, it was assumed the temperature of the gauge matched
the temperature of the curing. This hypothesis was even verified in section 3.5.

While the oven had a thermometer to control the curing cycle, the data of said thermome-
ter was not logged. Instead to extract the temperature of the oven, the silicon strain gauge
will be used. One of the major hypotheses done in this work and many work from the liter-
ature, is that during the curing, before the gel point, the resin generates a negligible amount
of stress and thus strain. This will allow to extract a very rough estimation of temperature
from the embedded gauge.

We will use both the manufacturer estimation and our analytical model for the resistance
change due to thermal e↵ect. The temperature can be extracted roughly from the following
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(a) Silicon gauge output through curing (b) Metal gauge output through curing

Figure 4.11: Strain gauge resistance evolution throughout curing.

(a) Resistance evolution comparison (b) Silicon strain with manufacturer thermal o↵-

set.

Figure 4.12: Manufacturer resistance o↵set due to temperature.

equation.

R(T ) = R0 +R0 ⇤ 0.4% ⇤ (T ) ! T =
R(T )�R0

0.4%R0
(4.1)

Where T is the temperature above ambient of the gauge in �C and R0 the temperature of the
gauge at ambient temperature. As for the analytical model, the extraction of the temperature
necessitates the help of a computer.

To avoid measuring the strain as temperature, the temperature is only extracted for the
first hour.

Figure 4.14 shows a wide gap between the measured temperature and the curing cycle
temperature. Between the linear manufacturer model, which is the most optimistic in this
case, there stand a 40�C gap. This gap shrinks as the curing enters the first temperature
plateau. As for the analytical model, the gap widens to 60�C and continues to widen during
the ramp, only catching up during the plateau.

Such a discrepancy cannot be overlooked, even if the strain gauge are not good ther-
mometers. A few causes could be the origin of such a huge di↵erence.
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Figure 4.13: Strain with manufacturer resistance and gauge factor compensation.

• The gauge was already under strain due to the tape.

• The mold or the resin was not as conductive as hypothesised.

• The oven did not follow the curing cycle correctly.

• The contacts of the gauge were damaged due to the previous preparations.

• None of the used model represent the gauge evolution to temperature correctly.

To avoid such blunder for future experiment, an external thermometer should always be
employed.

4.2.3 Bending Test

Verifying if the sensor can handle the residual stress is only the first step, as the sensor
needs to be able to handle the additional strain that the composite is going to be subjected
throughout its life.

Continuing with the aeronautic specification, a composite aircraft structure allows for a
maximum of 3000µ✏[72]. The block of resin was cut into two pieces to isolate each strain
gauge, it should have been rectangular pieces of resin. Unfortunately, the metallic strain
gauge shifted during the curing resulting in a trapezoid shape as shown on figure 4.16. The
dimensions of the samples are available in table 4.1
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Figure 4.14: Temperature measurement of the silicon gauge for the first hour.

Length Width Thickness
Metallic Gauge 100mm 65/20mm 4.6mm
Silicon Gauge 100mm 27mm 4.6mm

Table 4.1: Resin pieces dimension with the stain gauge embedded

The bending test consisted of a four point bending test with each of the supports spaced
apart by 2 cm for a total of 6 cm for the two furthest support. The resistance of each gauge
is measured by a Keithley 2000 digital multimeter. The test is shown on figure 4.17

The equation for measuring the strain on the sensor is given by the ASTM D7264-07
standard.

✏ =
4.36�h

L2
(4.2)

Where ✏ is the strain at the outer surface. It is also considered as the strain on the gauge,
which considering the strain gauge were tapped to the bottom of the mold is accurate enough.
� is the mid-span deflection which is controlled by the bending device with the handle. h is
the thickness of the sample, in our case the thickness of the resin slab. L is the length of the
support span, the distance between the two outer support.

On figure 4.18, the initial value of the gauge at 0 applied strain is around 347.1 ⌦ this
combined with the gauge factor of 2 results in a static strain of 3716µ✏. Which is much
lower than registered during the curing shown on figure 4.10b. This value of strain is around
half the expected strain value with the simplest bi-layer analytical model and the value of
Constantan which is the alloy used for the gauge. The multi-layer analytical model give a
closer estimate at 5487µ✏.
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Experiment
measurment

Bi-layer
Analytical model

Multi layer
Analytical model

3716 7490 5487

Table 4.2: Metallic gauge residual strain comparison

By converting the resistance to a strain signal, we can compare the applied strain to the
measured strain of the gauge. The first observable point is the factor 2 of di↵erence between
the applied strain and observed strain, this factor increases to 3 at high strain. The second
point is the non-linearity of the observed strain.

The di↵erence in observed strain and applied strain could be attributed to either the
non-linearities or a mistake during the experiment. The contraption for bending requires the
marking of the needle valve to be halved, this could have been done twice, explaining part
of the di↵erence. Even by multiplying the applied strain by two, the error would not be
completely erased, this point to another source of error. One of those sources could be the
non-linear response of the resin.

For the silicon strain gauge, the strain was tested both in compression and tension, this
was not done for the metallic gauge due to the triangular shape not fitting well in the test
device. There is also a small error between the applied strain and the measured strain albeit
smaller than for the metallic gauge. The non-linearity of the gauge can also clearly be seen.
This non-linearity can be attributed to two sources, the first one is simply the non-linearity
of the strain gauge. The manufacturer includes in the data sheet of the strain gauge a small
amount of non-linearity for strain up to a 1000µ✏. For the gauge used, the non-linearity is
rated at ±0.2%. Since we are at much higher strain, we can expect a much higher non-
linearity. As for the second source of error, this could come from the viscoelastic properties
of the resin. The viscoelastic model adds a time dependence to the materials, this can e
observed partially at 0 applied strain, where we can see the materials not quite coming back
to it’s original shape. This is further exacerbated by time as a measurement of both gauges
three month later yielded di↵erent value of resistance as shown on table 4.3.

Immediate 3 month later
Silicon gauge 504 614
Metal gauge 347.1 348.8

Table 4.3: Relaxation of resin measured by strain gauge.

On table 4.4, the di↵erent prediction of the analytical models and simulation are compared
to the observed strain at the end of the experiment. Interestingly, despite having predicted a
higher residual stress and thus strain since the modulus are very similar between silicon and
Constantan, the silicon gauge actually registers less residual strain than the metallic gauge.
Another point is that even with just the thermal mismatch alone, the models are predicting
a higher residual stress than what is observed in spite of neglecting the chemical shrinkage.
From the data in table 4.3, this could be attributed to the relaxation of the resin which
occurs with time.
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Experiment measurment
Bi-layer

Analytical model
Multi-layer

Analytical model
Simulation

3526 9282 8483 4411

Table 4.4: Silicon gauge residual strain comparison

4.3 Conclusion

In this chapter, the preparations for embedding the sensors in CFC were described. The
evolution of how the experiment changed from embedding the sensor, to putting it on the
surface, to finally embed it in a pure resin slab was shown. The success of an embedded
sensor relies just as much on a good preparation of the embedding as the right choice of
parameters. Often time, the handling of the tiny sensor proves to be as much a di�culty as
the residual stress.

The result of the in-situ monitoring of the cure were shown and analysed. An attempt
at extracting the temperature was also made but yielded poor result, either due to a false
hypothesis or the experiment not being followed properly.

Finally, a bending test was performed on both sensors to verify their ability to be used,
which both gauges passed without trouble. It also highlighted the non-linearity of the gauges
and a non-negligible error in their readings. The error would need more examination for the
gauge to be used properly.
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Figure 4.15: Embedded silicon strain gauge sample.
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Figure 4.16: Embedded metallic strain gauge sample.
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Figure 4.17: Bending test set-up.

Figure 4.18: Metallic strain gauge resistance Vs applied strain.
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Figure 4.19: Metallic gauge measurement Vs applied strain.

(a) Silicon strain gauge resistance Vs applied

strain

(b) Silicon strain gauge measurment Vs applied

strain.

Figure 4.20: Silicon strain gauge bending test.
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Conclusion

In the first chapter, the nature of carbon fiber was presented, afterwards all the di↵erent con-
figuration of the fiber alone was described. Then the di↵erent matrix family were presented
followed by the di↵erent manufacturing method to obtain a composite. All of this served
to highlight the sheer number of possibilities available when working with composites. All
those possibilities rendered the initial idea of verifying the possibilities of embedding a sensor
inside said composite nearly impossible. While an experiment would work for one particular
combination, the other combination would have no guarantee to work. This shifted the goal
of this work from verifying the possibility to embed a sensor in a composite to find models
that would allow us to predict which parameters a↵ected the residual stress which is one of
the main concerns for embedded sensor. One of the first parameter that could be analysed is
the sensor itself, multiple type of sensors were presented with their advantages and drawback
in embedded application. Then a review of the literature over embedded sensor in any com-
posites was done to show the priorities in the field. The use of semiconductor strain gauge
in embedded application was strangely absent from the literature.

For the second chapter, di↵erent analytical models were first proposed to obtain a rough
estimation of the thermal stress. First the simplest model with Stoney’s approximation, re-
quiring very little computation, then the multi-layer Chun-Hway Hsueh model requiring a bit
more computation. From those models, the di↵erent parameters that influenced the residual
stress were extracted and sweeped. From the sweep, the di↵erent trends were obtained show-
ing the sensitivity of the residual stress over the di↵erent parameters. Afterwards, the resin
curing was detailed to show the impact of the curing on di↵erent important parameter of the
residual stress. For example, how the curing cycle impacts the glass transition temperature
and thus the di↵erential temperature used to compute the residual stress. This point is im-
portant as even with the same resin, with a di↵erent curing cycle, the result may di↵er. Since
most materials properties are dependant on temperature which change all along the curing,
some approximation had to be made. Fortunately, most properties have a linear dependency
on temperature, allowing average to be taken without generating errors. Even for the slightly
non-linear Young’s modulus, the error is negligible. To compensate the temperature output
of the gauges during the in-situ monitoring, a model for the resistance change in silicon was
investigated.

The third chapter present all the result of all the numerical analysis. It begins with
the comparison of two softwares for simulation, where a case study resembling our original
problem is presented. All the modules required for the simulations are presented with their
default value. The meshing is also compared as both softwares have their built-in mesh
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builder. At the end of the case study, it is shown that both softwares are equivalent, the
choice is thus more personal. Afterwards the first sensor geometry is analysed, the gauge
with a baking. An attempt at simplifying the geometry is made but quickly fails, instead
the simulations are done with a full geometry. The first parameter to be analysed is the
position of the sensor, in the analytical model there was no influence of the position on the
stress. The numerical analysis diverged from the analytical model, the closer to the surface
the less the stress on the gauge. Then came the analysis on the corner singularities. To verify
whether singularities were present in the simulation, a comparison between a fillet geometry
without any angle and a simple block with all 8 angles was done. The di↵erence of maximum
stress between the two were small enough to dismiss singularities. Two sweeps where the
performed on the resin total thickness and the temperature di↵erential to compare to the
analytical result. Both showed the same trends while their absolute values were slightly
di↵erent. The same analysis was the done on a naked gauge geometry without the backing
showing similar result with a small surprise. Finally, a simulation and a small analytical
model were used to confirm one of the important hypotheses: An homogeneous temperature.

The result from both analytical model and numerical analysis were then compared to our
experimental result. Unfortunately, due to the missing temperature data, the comparison
during the in-situ monitoring could not be done properly. But the final residual stress post
curing for the silicon gauge were predicted quite accurately by the simulation. And while
the analytical model gave a good order of magnitude estimation, they were still o↵ by a
factor of two or more. Even with the corrected Young’s modulus, CTE and glass transition
temperature. Afterwards a bending test to confirm the ability of the strain gauge to function
at such high stress was done. The applied strain was twice and thrice the maximum expected
strain for aeronautic in the case of the silicon gauge and metallic gauge respectively. This
highlighted a few important aspects about the embedded sensor. The residual strain alone
pushes the gauge far into a non-linear range, with the additional external strain it goes even
beyond its rated limit of 5000µ✏ for the silicon strain. While the silicon strain gauge still
functions, work need to be done to obtain correct signals. As for the metallic gauge, it is
still within its expected range as it can strain up to 5% which is high above the CFC limit.
It has two drawbacks, the increased energy consumption and bigger size.

Possible improvements and future works to take this study further:

• Characterize the response of semiconductor gauge embedded in resin and composites
under the residual strain at di↵erent time.(Immediatly after curing, 1 month after, 3
month after).

• Experimentally test the validity of the models and simulation by experimenting with
di↵erent resin.

• Study the fatigue life of the strain gauges under such residual stress. While the gauge
was tested once outside its specification, for SHM, the gauge has to have a fatigue life
equal or greater than the one from the composites otherwise it defeats the purpose.

• Repeat the experiment with embedded in resin and in-situ measurement with a tem-
perature sensor and a controlled curing cycle.
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• Implement the whole wireless SHM device.

• Test the possibilities of using small patches of glass fiber for wireless transfer in a carbon
fiber composite.

• Test an embedded sensor between two carbon fiber plies, with connecting wire going
through the ply.
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