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several advantages over the traditional wired gauge system for the strain analysis, 
including cheaper equipment and an easier and more practical implementation. 
 

1.1. Research objectives 

The general goal of this thesis is to find and study a new measuring NDT (non-
destructive testing) method to be applied in the quality assurance and health monitoring 
of plastic composites. In addition, it aims the development of easy to use and practical 
equipment that can installed in production sites of the composite industry and that 
increases both user safety and enables saving costs. The specific objectives of this work 
can be described as following: 
 

- Development and design of new NDT strain sensing system, that is both 
practical and inexpensive and capable to provide information about the strain 
and stress on the material 

- Study of the reliability of the strain sensing system in harsh environments. 
 

1.2. Scope and methodology 

A wireless strain sensing system was implemented and designed in order to obtain strain 
information on the fiber-reinforced plastic composites. The material used for the tests 
was carbon fiber/epoxy composite profiles fabricated by a pultrusion process. This 
wireless strain system resulted from a combination of WSN technology with the 
commonly used foil resistance strain gauge sensors. The system was specifically 
designed to attend the requirements of an adequate, practical and cost effective strain 
sensing technique. The tests were performed by simulating a harsh marine environment, 
which involved the immersion of the material and the strain gauges in seawater and 
with a constant bending strain for a long period of time. Strain information was 
collected along the time by using a conventional wired strain gauge system 
simultaneously with the wireless strain setup, in order to compare the behaviour 
between the two systems.  
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practical composites NDT methods. Recent composite NDT comprises a broader range 
of modified traditional and new tools including ultrasonic, x- ray, acoustic emission, 
thermal, optical, electrical, variety of hybrid methods and etc. Room for improvement 
and further development of the currently existent NDT methods still exists, and it is 
encourage by the fast changing field of the composite materials. 
 

2.1.1. Defects on composite materials 

Composite structures are often complex and formed by layers of dissimilar materials.  
Commonly, composite mechanical damages are in the form of delaminations or 
debonds, broken fibers due to impact, fatigue damage that affects the zone of composite 
material via micro cracking or can be caused by thermal damage from prolonged 
exposure to heat above resin cure temperatures. [8] Fig. 2-2 shows in detail a debonding 
in a fiber reinforced plastic. List of all possible defects and damages which are possible 
to occur in a composite structure are listed in Table 2-1. 
 
 

Table 2-1. Defects in composites. 
 

Delaminations Missing adhesive 
Disbonds Misoriented fibers/ply 
Porosity Wavy fibers 

Contamination Mislocated ply/details 
Improper cure Impact damage 
Resin rich/poor Thermal damage 
Damaged fiber Thickness variance 

Voids (dimensional problems) Cracks 
Interface integrity Loss of properties( modulus) 

Structure problems (geometry)  
 
 

These defects can result from the raw product such as fibers, matrix and 
prepregs, as well as due to poor bonding between the fibers and matrices and between 
individual lamina. Alternatively, they can be related to a variety of service conditions 
and failure modes under many different circumstances. Such damages can occur during 
manufacturing, installation, operational conditions and/ or unavoidable in design 
because of the requirement to introduce discontinuities such as cut-outs, ply drops or 
structural connections. The detection and evaluation of damage in composites is 
compounded by the fact that damage is not visible to the naked eye and can occur in 
many different forms. [8] [9] 
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Figure 2-2.  SEM image of fiber/matrix debonding. [10]  

 

2.1.2. NDT practices for composites 

Non-destructive technique is defined as the development and application of the 
technical methods for the detection, location, measurement and evaluation of 
discontinuities, defects and other imperfections in a material. It includes the assessment 
of integrity, measurement of geometrical characters, properties and composition of 
materials and components without impairing their intended use or application. [8] [9] 
There are various NDT methods in practice for composite materials, which are listed in 
Table 2-2. 
 

Table 2-2. NDT practices for composites. 
 

Most common NDT practices Advanced techniques 
Ultrasonic X-Ray tomography 
Acoustic Emission Laser ultrasonic 
Tap Test Holography 
Resonance Laser-optical 
X-ray Vibro-thermography 
Visual Acusto-ultrasonic 
Optical D-sight 
Thermal Neutron radiography 
Sensor based techniques Microwaves 
Resistance-based Sensors (e.g. strain gauges) Time resolved thermal methods 
In -situ Sensors  
Remote Sensors  
Embedded Sensors  
In -Process Monitoring  
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 NDT can be used as a methodology for initial inspection of the structures to 
confirm the structural integrity or to monitor the material progress such as under service 
loads or changes over time. Moreover, NDT techniques help to analyse the reasons for 
failure of the structure, for global inspection and proof tests in quality control.  
Orientation breaks and waviness of fiber material, state of cure, porosity and cracking of 
matrix and debonding, delamination and moisture in the interface can be easily 
observed without impairing the intended use or application of the structure. Similarly, in 
the matrix the state of cure, porosity and cracking. [8] [11] [12] The importance of the 
NDT in composite materials [9] [11] can be summarized as: 

 
- Increment in the confidence level in the use of composite materials in safety 

critical components 
- Reduction in test program costs/timescales by optimizing testing/analysis 
- Reduction in industry costs can be expected by providing improved testing 

and design procedures 
- Facilitation of material development and increased flexibility in design 
- Lower maintenance costs through better understanding of damage/defect 

influence on residual life of structures and improved and more effective 
inspection techniques. 

 

2.1.3. Strain sensing 

Strain is an important factor on the structural integrity and in the material´s condition 
monitoring. High magnitude, repetitive strains may lead to fatigue or yielding in the 
material. [13] 

Strain sensing is thus, an important NDT technique in the structural control of a 
structure. Strain sensing is commonly used to monitor the reaction of a structure or 
structural element when subjected to load. This method is also applied to monitor the 
behaviour or rate of deterioration of structures in service, like crack growth. 

Several types of strain sensors are available, including optical fibers, piezoelectric 
(resistance strain gauges) sensors, electrostrictive sensors, magnetostrictive sensors and 
piezoresistive sensors. The sensors are normally attached to or embedded in the 
structure. The electrical resistance strain gauges are one of the simplest and inexpensive 
strain sensors. [14] 

 

2.2. Basics of fiber-reinforced plastic composites 

The first fiber-reinforced plastics (FRP) materials were made by the petrochemical 
industry after the World War II which used glass fibers embedded in polymeric resins. 
The outstanding combination of features such as high-strength, high-stiffness structural 
fibers with low-cost, lightweight, environmentally resistant polymers made these 
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composites materials with better mechanical properties and durability than the each one 
of the constituents separately. [15] Nowadays, FRP materials have a widely acceptance 
in the market and new and improved structural applications of these high performance 
materials are constantly being announced to meet the demands of new markets and 
customer requirements.  
 

2.2.1. Fiber-reinforced plastics structure 

As the term FRPs clearly indicates, these materials are composites made of reinforcing 
fibers with a plastic matrix. FRPs are typically organized in a laminate structure, such 
that each lamina (or flat layer) contains an arrangement of unidirectional fibers or 
woven fiber fabrics embedded within a thin layer of light polymer matrix material. Fig. 
2-3 shows a laminated composite structure. The fibers are responsible to attribute the 
strength and stiffness whereas the matrix, which is most commonly made of polyester, 
epoxy or nylon, binds and protects the fibers from damage, and transfers the stresses 
between the fibers. [16] [17] 

Plastics technology uses different fiber types to reinforce the composite. The all 
category of fibers include glass fibers, carbon fibers, synthetic fibers and natural fibers. 
This work focus uniquely on the study of UD carbon fiber reinforced plastics (CFRP).  
In addition, fillers or modifiers might be added in order to smooth manufacturing 
process, provide specific and special properties, and/or reduce product cost. [16] [17] 
 

 
Figure 2-3. Laminated composite structure. [18] 

 

2.2.2. Importance of the fibers in FRPs 

It is well known that materials in fiber form are stronger and stiffer than used in bulk 
form. Furthermore, it is more likely the existence of flaws in bulk material than in 
fibers, which affects the strength of material. Fibers also have better molecular and 
crystallographic alignment and its shape consist of very small crystals. In addition, 
fibers have the advantage of low density comparatively to other materials. [16] The 
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fibers represent the largest volume fraction in the composite and for that reason the most 
important element in the fiber reinforced composites (FRC), playing the most important 
role of the tensile, compression, flexural or shear strength and stiffness of the FRP 
composites. [17] Properties of some important fibers are represented in the Table 2-3. 
 

Table 2-3. Characteristic values of the diffrent fiber types. [19] 
 

 
 

The fibers can be in several forms, commonly they are present in the form of 
long and continuous fibers, but they can also be discontinuous fibers, particles, whiskers 
and even weaved sheets. Typically, fibers are added with ductile matrix materials, such 
as metals and polymers, to make them stiffer, while fibers are combined to brittle matrix 
materials such as ceramics to increase toughness. Some factors are important to take 
into account, such as the length-to diameter ratio of the fiber, the strength of the bond 
between the fiber and the matrix, and the amount of fiber, since these have an effect the 
mechanical properties of the materials. In order to effectively transfer the applied load 
from the matrix to the fiber, it is crucial that a high length-to-diameter aspect ratio is 
achieved. [20] 
 

2.2.3. Carbon fiber reinforced composites properties 

Carbon fiber composites mainly those with polymeric matrices, have become the 
dominant advanced composite material for aerospace, automobile field and boating, 
sporting goods, and many other applications due to their high strength, high modulus, 
low density, although it can relatively expensive material. [21] Carbon fiber reinforced 
polymer is thus, a very strong and light material. Epoxy is the most commonly used 
polymeric matrix, but other polymers, such as polyester, vinyl ester or nylon, are in 
some cases used.  

Carbon is a very light element, with a density of about 2.3 g/cc and with 
stiffness significantly higher than glass.  Carbon fibers can also have up to 3 times the 
stiffness of steel and up to 15 times the strength of the construction steel. The structure 
of can be crystalline, amorphous or partly crystalline. In its crystalline form, carbon has 
the structure of graphite as seen in Fig. 2-4. A graphitic structure is made of densely 
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packed hexagonal layers, stacked in a lamellar style resulting in mechanical and thermal 
properties which are highly anisotropic and giving to the component designers the 
possibility to control the strength and stiffness of the components by varying the 
orientation of the fibers. [17] [21] 

 

 
Figure 2-4.  The crystal structure of graphite. [21]  

 
Besides the broad range of exceptional properties, carbon fiber-reinforced 

polymers (CFRPs) have a long service lifetime when protected from the sun. However, 
despite its high initial strength-to-weight ratio, the main structural limitation of CFRP is 
its lack of a fatigue endurance limit. As result, failure cannot be avoided when the 
component is subjected to a high enough number of stress cycles. 

Additionally, composites show very complex failure modes and for that reason 
the fatigue failure properties of CFRP are difficult to predict. Therefore, when used in 
applications which require critical cyclic-loading conditions, considerable strength 
safety margins  need to be employed to provide suitable component reliability over a 
sufficiently long service life. [22] In addition, non-destructive evaluation techniques are 
also of valuable help in the prediction of the structural condition and stresses acting on 
the component. 
 

2.2.3.1 Carbon fibers 
Carbon fibers have been made initially from natural cellulosic fibers such as cotton or 
linen for thousands of years. However, it was Thomas Edison who, in 1878 took cotton 
fibers and later, bamboo, and converted them into carbon in his quest for incandescent 
lamp filaments. [23] [24] 

Carbon fibers represent the strongest of all reinforcements used in polymer 
composites reinforcement offering the highest specific modulus and highest specific 
strength of all reinforcing fibers.  
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The two main sectors of carbon fiber applications are high technology sector, 
which includes aerospace and nuclear engineering, and the general engineering and 
transportation sector (for example in racing vehicles, ships, space crafts and sports 
goods) and also for engineering components such as bearings, gears, cams, fan blades, 
etc., and automobile bodies. [26] [27] 
 

2.2.3.2 Epoxy resin 
 
The resin is a crucial component of the composites. There are two classes of resins 
which are classified as thermoplastics and thermosets.  

The thermoplastics soften when heated and harden when cooled and these 
processes can be totally reversible and may be repeated. These materials are normally 
produced by the simultaneous application of heat and pressure. They are linear 
polymers without any cross-linking in structure where long molecular chains are bonded 
to each other by secondary bonds and/or inter-wined. On the other hand, thermosets 
require heat and pressure for their moulding into a defined shape. They are formed into 
a permanent shape and cured by chemical reactions such as extensive cross-linking. 
They cannot be re-melted or reformed into another shape but decompose upon being 
heated to too high a temperature. The term thermoset implies that heat is required to 
permanently set the plastic. Most thermosets composed of long chains that are strongly 
cross-linked (and/or covalently bonded) to one another to form 3-D network structures 
to form a rigid solid. Thermosets are generally stronger, but more brittle than 
thermoplastics. These characteristics make the thermoset resin based composites more 
desirable for structural applications. [19] [28] The epoxies resins belong to the 
thermosets class. The material properties and cure (hardening) rates can be specifically 
formulated to meet the requirements of the application in question. Epoxy resins are 
widely used because of their versatility, high mechanical properties, and high corrosion 
resistance. They shrink less than other materials i.e., from 1.2% to 4% by volume which 
helps them for their excellent bond characteristics when used as adhesives. In addition, 
epoxies are also less affected by water and heat than other polymer matrices used in 
composites. Epoxy resins are also favoured for their simple curing process that can be 
achieved at any temperature between 50oC to 150oC. Their main drawback is their cost, 
which is higher than for other resins. [19] 

Epoxies are in general found in aeronautical, marine, automotive and electrical 
device applications. Although epoxies can be expensive, it may be worth the cost when 
high performance is required. Some other disadvantages are its toxicity and the fact that 
the epoxy hardeners can cause allergic reactions. 
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Figure 2-8. Different configurations of strain gauges a) Rectangular rosette, b) Delta 

rosette c) Biaxial strain gauges. 
 

More strain gauge configurations and different gauge patterns are explained in 
the section of strain gauge selection for composites. Furthermore, strain gauges are 
available in several standard resistances, which are described later in this chapter. 
 

2.3.2. Principle of strain gauge 

When a force is applied to a component, the length of the component changes. Strain is 
the ratio of this change in dimension to the original length, and strain gauges are used to 
measure it.   

The underlying concept of the strain gauge is very simple. In essence, an 
electrically-conductive wire or foil (i.e. the strain gauge) is bonded to the structure of 
interest and the resistance of this wire is measured before and after the structure is 
loaded.  Since the strain gauge is firmly bonded to the structure, any strain induced in 
the structure by the loading is also induced in the strain gauge. Since the strain gauge 
contains conducting material this distortion causes a change in the strain gauge 
resistance thus serving as an indirect measure of the strain induced in the structure. By 
measuring this change in resistance we can measure the strain. The change in resistance 
is measured through a Wheatstone bridge arrangement. [33] [35] 

Using the Fig. 2-7 to exemplify the strain gauge principle, when the test material 
is then loaded, the surface to which the gauge is attached will either elongate or shorten 
in the AB direction. If the material elongates, then the wire in the gauge will increase in 
length and decrease in diameter, increasing the electrical resistance in the wire. 
Conversely, if the material shortens, the wire in the gauge will decrease in length and 
increase in diameter, decreasing the electrical resistance in the wire. 
 

2.3.3. Gauge factor 

Strain gauge manufacturers perform standard calibration measurements for each lot of 
strain gauges they produce. When a user purchases a strain gauge, the manufacturer 
provides the results of these measurements in the form of several calibration constants. 









20 
�

Table 2-5 Arrangement of strain gauges for different strain types. [40] 

 

 

 

2.4.   Strain gauges applied to composites  

The methods of experimental stress analysis which were initially developed for 
isotropic materials are logically more difficult to apply on composites due to their high 
anisotropy and heterogeneity. Therefore, these methods must be adapted to the 
composites, requiring special procedures and different data analysis. In addition, for 
anisotropic materials the principal strain direction does not necessarily coincide with the 
principal stress direction. [42] [43] 
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thermal compensation is lost. Therefore this is not a very applicable method in the case 
of composite materials. [42] 
 

2.4.4.2 Dummy gauges 
 
The dummy gauge method is currently the most widely used compensation method for 
the thermal output in tests on composite materials .The dummy compensation method 
requires a second gauge to be installed in a half-bridge configuration with the active 
gauge, as illustrated in the Fig. 2-15. [5] 
 
 

 
Figure 2-15. Temperature compensation with a dummy gauge in half bridge. 
Unstressed gauge material of same composition and same temperature. [50]   
  

There are three requirements that are important to be fulfilled in order to 
accurately perform the dummy compensation. First, the dummy gauge must be from the 
same gauge lot as the gauge that measures the combined thermal and mechanical 
components. Second, the dummy gauge must be installed on an unconstrained specimen 
of the same material, of approximately the same volume and aligned in the same 
orientation with respect to the fibers as the loaded specimen. Finally, the two specimens 
(one loaded and the other unconstrained) must be in the same thermal environment and 
close from each other. When these requirements are not fulfilled large errors can occur. 
The two gauges are then connected in a half-bridge configuration and the thermal output 
from each gauge cancel. [43] 
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Concerning to the number of grid, two options exist, the uniaxial and the multi-
axial. An uniaxial strain gauge has a single grid for measuring strain in the grid 
direction and is generally selected, if only one direction of strain needs to be 
investigated or in the case that the cost is an issue. Two or three single uniaxial gauges 
are usually less expensive than a bi-axial or tri-element strain gauge, and obtaining 
approximately the same results. For the case of a bi-axial strain rosette (0°-90° Tee 
rosette), there are two perpendicular grids and this type is used to determine principal 
strains when the directions of principal axes are known. A tri-element strain rosette (0°-
45°-90° rectangular rosette or 0°-60°-120° delta rosette), has three independent grids in 
three directions and is normally used if the principal stresses need to be investigated but 
the principal axes are unknown. [37] [56]  Finally, the strain gauges with shear patterns 
in which there is two chevron grids used in half-bridge circuits for direct indication of 
shear strains. 

 

 
Figure 2-17. Some of the strain gauge patterns available. (a) Uniaxial  Gauge (b) 

Biaxial Rosettes (c) Three-Element Rosettes (d) Shear Patterns. [57]  
 
About the layouts, there are two different options for the multi-axial strain 

rosettes types (tee, rectangular, and delta); these are the planar and stacked 
configurations, as seen in Fig. 2-18. The planar rosette is etched from the strain 
sensitive foil as an entity, with all gauge elements lying in a single plane. The stacked 
rosette is manufactured by assembling and laminating two or three properly oriented 
single-element gauges. [43] However, in general the planar rosette is preferable over the 
stacked rosette configurations, because it has better heat dissipation characteristics and 
creates less reinforcement effects. Furthermore, stacked configurations offer the 
drawback of being more expensive and should be used only in the case the space for 
mounting is limited. [54] [56] 
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long lead wires that are associated with the conventional strain sensing systems. Lead 
wires are commonly subjected to breakage and connector failures. Additionally, lead 
wires represent a significant time consuming installation and long term maintenance 
costs, limiting the number of sensors that may be deployed, and therefore reducing the 
overall quality of the obtained strain data. [13] [58] [59] Wireless sensing networks 
(WSN) are the best solution in this case. As it eliminate these costs and making the 
installation faster and easier. An ideal wireless sensor is networked, consumes very little 
power, is smart and software programmable, capable of fast data acquisition, reliable 
and accurate in long term measurements, it has a low cost and fast installation, and 
requires no real maintenance. [60] 
 
 

 
Fig 2-19. A wireless network architecture. 

 

Although, strain gauges are a widely used strain sensing technique, their use 
with a wireless network system is still in its preliminary phase, in spite of the numerous 
range of structural health monitoring applications that the wireless strain measurement 
may be used. Some of the widespread applications of WSNs are mainly found in civil 
and industrial applications such as smart home or environment monitoring [61] [62] 
[63]. As an example, one remarkable use of the wireless strain sensors is in automotive 
application for the quality control of the gaps in body panels and doors [64]. 

A WSN consists of a set of wireless sensor nodes where each node measures a 
physical value using selected sensors. [65] The sensor modules communicate with one 
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another and with a central processing unit, in order to send the sensor data value to a 
database through specific sink nodes. A typically WSN is shown in Figure 2-19.  

Normally, the strain nodes that constitute a WSN system operate with a fast 
dynamic response and are capable of self-configure themselves, which allows quick and 
easy system setting even in the most difficult locations. The selection of the ideal 
sensors and wireless communications link for the wireless system requires knowledge 
of the application and a pond ration of the benefits and problems they may involve. 
Battery life, update rates, and size are the main design considerations for a WSN 
system. [13] 
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Table 3-1  Mechanical properties of HS carbon fiber/epoxy pultruded profiles. 

               Meter weight [g/m] 62,7 
Tensile Stiffness [GPa] 127,0 
Tensile Strength [MPa] 1995,8 

Bending Stiffness [GPa] (32mm) 104,4 
Bending Strength [MPa] (32mm) 1481 

ILSS [MPa] 78,5 
 
Vishay Micro-Measurements [66], this gauge type is described as C2A-06-125LW- 
350. More information on the strain gauge designation system used by Vishay Micro-
measurements is found in Appendix A. This designation is related to the general 
features of the selected strain gauge type. In this study, the gauge foil alloy is made of 
constantan in self-temperature compensated form and the backing materials consists of 
a thin, laminated polyimide film. Additional details on the specific gauge type used in 
this study are given in Appendix B. 
 

 
 

Figure 3-1. General Propose C2A-06-125LW- 350 strain gauge manufactured by 
Vishay Micro-Measurements. [55]  

 
This single element gauge type comes already with pre-attached ready-to-use 

cables, meaning that the step required for soldering the lead wires to the solder tabs of 
the gauge are no longer needed and making the process to attach the strain gauge easier 
and saving time. An unfortunate characteristic of strain gauges is that of resistance 
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change with changes in temperature, as it was previously explained. Hence, the strain 
gauges used in this project are self-temperature-compensated (STC) gauges, enabling 
strain measurements without receiving any thermal effect. 

 

3.2. Surface preparation and strain gauges installation 

3.2.1. Surface preparation 

 
The 1000 mm long HS carbon fiber/epoxy profiles were cut into smaller samples of 
approximately 250mm in length each.  

Surface preparation of the testing sample is the most important step in the 
bonding of strain gauges. A careful surface preparation provides an adequate adhesion 
of the gauges to the sample surface and the guarantee that the gauges are not going to 
unglue from the surface during the tests. The surface of the samples was thus 
appropriately prepared following the steps indicated in the literature for the surface 
preparation of composites samples in the strain gauge bonding and in the Vishay Micro-
Measurements manual for Surface Preparation for Strain Gauge Bonding [67].  

First, the sample surface was very well cleaned with a degreasing agent in order 
to remove any grease and oil present on the surface. Following an abrading process, in 
which the area where strain gauges are to be positioned is slightly abraded by using  
silicon-carbide paper to sand away uneven surface and obtain a smooth gauging area for 
the bonding step (320 grit was first used, followed by 400 grit). Layout lines were made 
on the surfaces by a burnishing operation, indicating the accurate locations and 
orientation of the strain gauges on the test surface. The surface was further cleaning 
with distilled water and a cleaning solution to remove any residues remaining from the 
abrading step and from the burnishing. In the final step the surface was neutralized with 
a neutralizing solution to bring the surface condition back to an optimum alkalinity of 
7.0 to 7.5pH, which is suitable for the Vishay Micro-Measurements strain gauge 
adhesive systems. The samples were allowed to dry. 
 

3.2.2. Strain gauges installation 

 
The M-Bond AE-10 Vishay Micro-Measurements [68] strain gauge system was the 
adhesive system used to bond the strain gauges to the samples. Information and using 
procedure for the M-Bond AE-10 adhesive system is found in the Appendix C. This 
system involves a mixture of epoxy resin and a curing agent which is used to glue the 
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gauge on the sample surface. Two strain gauges were positioned parallel in the same 
side for each sample as seen in Fig 3-2. This gauge positioning is known to be the very 
sensitive to measure strains in the case of bending loads. No soldering of lead wires was 
performed as this strain gauge type is with pre-attached lead wires. After the gauge 
gluing, pressure clamps were applied to keep the gauges on their position and preceded 
to the curing at room temperature for approximately 48 hours. 

 

 
 

Figure 3-2. Detail of a HS carbon fiber/epoxy sample used in the tests. Two strain 
gauges are attached in parallel on one side of the sample. 

 

3.2.3. Water-proofing coating  

For conditions requiring contact with water or other fluids, it is absolutely required the 
use of protective coatings on the strain gauge. The coating protects the gauges against 
moisture and other contaminants which may affect the gauge stability. This is especially 
important for long term measurements.  

When preparing the gauges for this study, a silicon polymer coating was 
properly applied on the strain gauges, which besides giving waterproofing features also 
provides protection against the highly corrosive environment due to the seawater.  The 
silicon type used to coat the gauges is a free acetic acid silicone type; therefore, it does 
not contain any vinegar content on its composition, which could be corrosive to the 
metallic wires of the gauges.  
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Figure 3-4. The Wireless CiNetStrain system. 

 
 For the tests, the strain gauges attached to the sample are connected to the nodes 
through the lead wires where each node collects strain data which is wirelessly 
transferred to a sink and transmitted to a data base. This system also permits a real time 
deployment. The strain values are displayed in a real time graphic in the software which 
was especially developed for this study at Kokkola University Consortium Chydenius. 
This is advantageous as it allows real time study of the strain values applied on the 
components at any moment in real time. 
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3.4. Testing methods 

3.4.1. Three point bending flexural tests 

Three point bending tests were performed in a Universal testing machine Messphysik, 
Beta 20-10/4x11 at a constant cross-speed of 10 mm/min at room temperature. The tests 
were conducted in accordance with the ASTM D 790-03 [71] and consisted of placing 
each composite sample on the bending fixture, loading it until the rupture, and recording 
the flexural stress-strain response of the material. The test configurations are shown in 
the Table 3-2. 
 

Table 3-2 Three Point Bending Test Configurations. 
 

LOAD CELL 2 kN (450 lbf) 
 

SPECIMEN 

GEOMETRY 
Rectangular 

 
SPECIMEN 

DIMENSIONS 
Length 250 mm, thickness 2 mm, 

width 10.75 mm 

 
CROSSHEAD 

SPEED 
10 mm/min 

 
TESTING SPAN 150 mm 

 
 

For the initial preparation and before the running of each test, the sample was 
rested on the two supports of the bottom fixture, perpendicular to the loading nose. 
After that, the upper anvil was manually adjusted to just barely touch the composite 
sample. After this initial preparation, the test was run and automatically stopped at 
rupture. A sample before the bending test starts can be seen in the Fig. 3-5. 
 

 





 

 44  
 

 The fixtures with the placed HS carbon fiber/epoxy samples were kept in the 
seawater water tanks for nearly one month at room temperature. During that time, strain 
measurements were taken in a daily basis by using both the wired and the wireless strain 
gauge systems, as described previously. Measurements of the seawater pH values and 
seawater temperatures and room temperatures were also registered during the tests. 
Moreover, as the seawater evaporated along the testing time, the tanks were refilled in 
order to keep a constant quantity of seawater on the tanks during all the experimental 
period. 
 

3.4.3. Strain sensing setup and measurements 

The setup used to obtain the strain measurements resulting from the seawater tests 
consist of an experimental arrangement which is composed simultaneously by the 
conventional wired Strain gauge and the wireless strain system (as described before), 
and as illustrated in the Fig. 3-7.  

In the strain sensing setup, there are three seawater tanks, each tank containing 
one bending fixture with a HS carbon fiber/epoxy, which by its turn has two parallel 
strain gauges. The two leftmost tanks seen in the experimental setup of the figure are 
connected to the wired strain system, composed by the D4 Data Acquisition 
Conditioner. 

 
 

Figure 3-7. The strain sensing setup. 
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There are in total four channels in D4 equipment, in which each channel is 
collecting strain data from one single strain gauge. The other tank (on the right side of 
the Fig. 3-7) is part of the wireless strain gauge system. For this wireless system, the 
two strain gauges are connected to the two nodes. The nodes wirelessly convey the 
strain information to the sink node that transfers this data the laptop pc by USB. The 
strain measurements are daily taken with duration of about one hour long for each test. 
The strain data collected by the two systems are recorded and stored into different data 
files which are later evaluated and studied separately.  
 
 

3.4.3.1 Calibration of the wireless nodes 
 

All devices that are to be used for measurement require a calibration so that the output 
can be converted to conventional units of measurement. Furthermore, as the wired strain 
system measurements, which are taken by the D4 device produce strain results in 
microstrain, the CiNetStrain nodes composing the wireless system needed to be 
calibrated to obtain also microstrain values. This process is performed so that the 
information resulting from both systems can be compared. The calibration of the 
CiNetStrain nodes of the wireless system was done to calibrate the system in micro 
strain, which corresponds to the voltage output of the bridge. 

Bending strain was used to do the wireless system calibration. The strain was 
measured by a reference system (using the D4 device) and the wireless system using 
different strain values. The resulting values were compared and the linear calibration 
was done. 
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Table 4-1 Flexural properties of the HS carbon fiber/epoxy composite. 
 

Sample Flexural 

Strength  

(MPa) 

Maximum 

Flexure 

Load (N) 

[P] 

Displacement 

at 

Maximum 

Flexure 

Load (mm) 

[D] 

30% 

Maximum 

Flexure 

Load (N) 

Displacement at 

30% Maximum 

Flexure Load 

(mm) 

1 1405.05 210 33 63 8 

2 1450.99 211 35 63.3 9 

3 1464.75 213 35 63.9 9 

4 1431.07 211 34 63.3 9 

5 1471.62 214 35 64.2 10 

Mean 1444.70 211.8 34.4 63.54 9 

Standard 

deviation 

27.04 1.64 0.89 0.49 0.71 

  
Comparing the determined flexural strength values and the maximum flexural 

load for the HS carbon fiber/epoxy composite samples with the ones reported by the 
supplier (in Table 3-1), of approximately 1481 MPa for the flexural strength and 32mm 
for the maximum displacement, it is observed a very good accordance between the 
experimental determined results and the standardized values provided by the supplier.  

The average maximum flexural load for the HS carbon fiber/epoxy composite 
material is 593 N, meaning that the material fractures for bending loads above this 
value, with a correspondent displacement of 34.33 mm. The average displacement at 
30% Maximum Flexure Load of 9 mm is the result which will in an approximate way 
applied on the bending fixtures for the later seawater tests. 

4.2. Seawater tests 

The seawater experiments were carried out in order to collect strain measurements along 
the time. The strain information obtained results from the constant bending 
displacement (9 mm) applied on the composite material by the screw-adjustable 
bending fixtures and immersed in seawater. Both the wired and the wireless system are 
started simultaneously for each test. 

Before the starting of the tests, all the strain gauge sensors were adjusted to zero, 
so that no bending load is applied. After that, the same strain value was applied in all 
the samples until it reach strain a value of around 2100µe (this procedure was done in 
the first day of the measurements, only). This micro strain value was calculated as an 
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approximate correspondence to the 9 mm displacement value at 30% maximum flexural 
load, previously determined from the initial flexural tests.  
 

4.2.1. Warm up of the nodes 

During the initial strain measurements taken with the Wireless strain gauge system it 
was verified that the nodes required some time, in order to warm up and collect more 
accurate and stable strain values. The warm up time basically defines how long the 
device must power up the sensor before a stable sensor reading is taken.  

Tests were conducted during nearly one hour period, to determine the 
approximate time the nodes take to complete the warm up process. Fig. 4-1 represents 
graphically the warming up of the nodes registered during the tests. 
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Figure 4-1.  Warm up phase of the wireless nodes. 

 
It is seen that during the warming up, the strain values decrease exponentially 

with the time until it reaches steady state in which stable strain values are registered. In 
average the nodes require from 30 to 40 minutes to finalize the warm up process. 
Therefore, for the strain sensing measurements and for each time the tests are 
performed, about 45 minutes are given to the warming up phase of the wireless nodes 
and before starting to collect stable strain data. 
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4.4. Results of wired gauge system: channels reliability 

Channel 1 and 2 of the wired gauge system were both connected to gauges immersed in 
the same seawater tank (tank 1 in Fig. 3-7). This means that these channels were reading 
and collecting strain data belonging to the same composite sample subjected to equal 
conditions during the experimental and thus, it is meaningful to compare the output of 
both channels. Fig. 4-2 demonstrate the results obtained for both channel 1 and channel 
two, during the 28 days of the strain sensing. 
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Figure 4-2. Microstrain measurements for Channels 1 and 2 during the 28 days of 

experiments. 






























