The Joint International Conferences
Smart Materials and Surfaces
SMS 2018
European Graphene Forum
EGF 2018
NanoMedicine International Conference
NanoMed2018
Oct 23 to 25, 2018, Venice - Italy
Conference Proceedings
DOI: https://doi.org/10.26799/cp-sms-egf-nanomed2018

Proceedings of the Joint SMS/EGF/NanoMed 2018
Venice -, Italy – Oct. 23 – 25, 2018
DOI: https://doi.org/10.26799/cp-sms-egf-nanomed2018

A Concept Study to Develop a Smart Sensory Textile
Reinforced Concrete Pipe
Gözdem Dittel1, Kira Heins1, Thomas Gries1
1

Institut fuer Textiltechnik of RWTH Aachen University
Otto-Blumenthal-Str. 1, 52074 Aachen, Germany, Goezdem.Dittel@ita.rwth-aachen.de

Abstract
In this study, we aim to develop a concept for the construction of smart sensory textile reinforced concrete
(TRC) pipes. The approach combines the advantages of thin walled alkali resistant (AR)-glass fiber based TRC
with the structural-electrical properties of carbon rovings knitted into a textile grid. By integration of carbon
rovings as sensory agents meaningful information regarding the functional and the structural health condition of
the TRC load bearing element are provided.
This paper focuses on the production of a “smart TRC pipe” or rather on the fundamental considerations
regarding wall thickness, positioning of the textile and effective placement of the functional fibers. Therefore a
constructional concept is developed.
Keywords: Smart materials, textile reinforced concrete, water pipe, concept development

1. Introduction
There is a great demand in the world for low-cost and functional pipeline systems. This is due to the need to
rehabilitate many pipes in use and on the other hand due to continuous development of new settlements which
have to be connected to sewage and fresh water systems. As a result, the question arises of reducing the
consumption of resources and the construction of cost-effective, safe, lightweight structures.
Nowadays used pipeline systems made of steel reinforced concrete are economical and sufficiently resistant, but
large wall thicknesses and thus very heavy constructions are required to enable sufficient crack reduction and
strength. In addition, the thick concrete cover is required to protect steel reinforcement from corrosion and as a
result weakened structures. This bulkiness of the constructions considerably limits the application possibilities
[1]. TRC counteracts these disadvantages. This building material enables the production of thin-walled and
lightweight structures.
Furthermore, there has been a great interest in research and industry in the integration of sensor functions in
components [2]. These smart materials promise costs and operational savings in manufacturing and transport, as
well as in maintenance and repair [3].
The main interest in using TRC for this field of application is due to the resistance of the textile reinforcements
regarding corrosion. As a result the required minimum concrete cover is lower compared to steel reinforced
concrete. Hence, particularly light and thin-walled components with high surface quality can be produced. The
use of concrete can be reduced by up to 80 % compared to conventional steel reinforced concrete structures. In
addition, three-dimensional reinforcement structures in which the fibers are oriented in the direction of the
present load [4].
This research aims to proof the usability of a smart textile material as reinforcement structure for concrete pipes.
The integration of sensory fibers shall lead to a surveillance of mechanical load and damage as well as the
penetration of liquid through the wall. In previous studies Goldfeld et al. [5] showed, that a drop of electrical
resistance of integrated sensory fibers indicates a leakage.
The aspects that need to be taken into account when selecting building materials and designing them for use in
pipelines are among others the expected internal and external loads, existing subsoil conditions, risk of
corrosion from the surrounding soil, urban development structure of the supply area and the expenses for
maintenance and operation [1]. For the design and dimensioning of a pipe, the occurring load is decisive. The
actions are divided into loads during manufacture and transport (e.g. clamping, loading), during construction
(e.g. backfilling, compaction, traffic loads) and during use (e.g. static, chemical and thermal loads). In
residential water supply systems, constant environmental conditions are generally assumed [1].
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2. Sensory TRC pipe Construction
To start the development of a constructional concept the utilized materials are to be determined.
2.1. Material Selection
As textile reinforcement a biaxial warp knitted structure is manufactured using alkali resistant (AR)-glass
rovings. Two neighboring rovings are replaced by carbon rovings. These carbon rovings resume the sensory
function to detect leakage as well as damage of the concrete pipe. Preliminary test were executed to characterize
the textile structure. In 4-Point-Bending test according to DIN EN 1170-5 [6] various warp knitted textile
structures were analyzed regarding their maximum bending strength. Further comparisons were made with
regard to the effect of coating systems. Those tests lead to the conclusion to utilize an open tricot structure,
coated with 50 % styrol buthadien rubber (SBR) in water soluble dispersion. This choice is based on the fact
that in an open tricot the grid openings are not closed by knitting threads. In addition, the rovings in the open
tricot have an oval cross-sectional shape, which is advantageous when penetrated by the coating material and
the concrete matrix. The coating is used to increase the internal bond of the filaments in the roving and thus the
strength of the structure. Fig. 1 shows the open tricot including the sensory carbon rovings with a coating of 50
% SBR. A fine-grained concrete is used as the matrix to ensure penetration of the small mesh openings of the
textile.

Sensory carbon rovings
glass-roving

knitted threads

warp direction

10 mm

Fig. 1: Open tricot reinforcement structure, two sensory carbon rovings, 50 % SBR coating

2.1. Construction concept
Fig. 2 shows a schematic illustration of pursued concept. According to DIN V 1201 [7], a minimum concrete
cover of 15 mm inside and 20 mm outside of the steel reinforcement applies to reinforced concrete pipes that
remain permanently in the ground. To take into account the advantage of thin-walled construction of TRC
structures, a total wall thickness of 25 mm is targeted for TRC pipes. This leads to a distribution of 10 mm inner
and 15 mm outer concrete cover.
In the manufacturing process, the textile is bent and coated in a diameter of, in this case, 270 mm. The textile is
then positioned in the mold. The mold consists of a base plate and an inner and an outer mold tube. After the
textile has been placed, the concrete matrix is prepared and poured into the mold.
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sensory carbon rovings

10 mm

outer concrete cover
textile reinforcement

inner concrete cover

leaking water droplet
Fig. 2: Schematic illustration of smart TRC pipe

4. Conclusion
This concept has been developed at the Institute fuer Textiltechnik of RWTH Aachen University and will be
executed in upcoming studies. Those studies will include an examination of the positioning accuracy and the
position retention of the textile during and after the casting process. In addition, soffit pressure tests will be
carried out to verify the load-bearing capacity of the TRC pipes. Regarding the production and application, a
concept for contacting individual pipe sections, including ensuring positioning accuracy, must be developed.
Considerations must also be made as to how a leakage can be located in a one kilometer long pipe network, or
how the location can be narrowed down in order to be investigated using conventional methods. Finally,
investigations must be carried out to determine the radius in which the carbon rovings are able to detect a
leakage. In this way, the arrangement of the rovings along the circumference of the pipe can be concluded.
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Abstract
Impact damage poses a severe threat for composite structures. Especially barely visible impact damages are a concern
since they are not easily detected in service. Structural Health Monitoring (SHM) is a tool to detect and assess such
damages online and in service. However, SHM is a complex field of research that requires more than the mere
application of sensors to a structure. The current contribution describes an interdisciplinary approach utilizing zero
strain direction as structural damage indicator. The fibre optical sensors were integrated within manufacturing of a
braided shaft. Drop tower tests were performed to introduce damage. Afterwards a torsional load was applied. During
loading, the sensor signal clearly indicated the presence of damage.
Keywords: structural health monitoring, braided composite, glass-fibre reinforced plastic, optical fibre sensor, sensor
integration, structural damage indicator.

1.

Introduction

Step by step, lightweight design has evolved to the present day [11]. At first, the general principles and equations of
light-weight design were derived. The next step was achieved by the widespread use of the Finite Element Method
(FEM) alongside the enormous grow of computational power. The development of high performance materials (e.g.
fibre reinforced plastics (FRP)) represents the third step. Nowadays, the major challenge of modern lightweight design
is the handling of uncertainties, which might lead to premature damage. In case of metallic structures, fatigue cracks
are a concern. If structures made of FRP are considered, internal damages like delamination and matrix cracking
represent a severe threat. Such damage might be introduced by manufacturing defects, impacts and/or fatigue. Under
compression or shear load, delamination leads to a large drop of stiffness and strength, although the damage might be
invisible for the bare eye. In this case, the damage is often referred to as barely visible impact damage (BVID).
In the current state of damage tolerant lightweight design, regular inspections are required to detect damage before they
grow to a critical size and thus endanger safe operation of the structure. The accuracy of visual inspections especially
in case of small damages can be increased by the use of non-destructive testing (NDT) methods. Classic examples for
NDT include ultrasonic testing, radiographic testing and thermography [5]. Those methods are all capable of detecting
an internal damage like delamination and might be used to detect BVIDs. However, those methods require either large
and heavy equipment or are very time consuming in order to cover a larger surface. Thus, those methods are only
capable of a so called off-line monitoring, while the structure is not in service.
A more efficient use of a structure is achieved, if the use of inspections and NDT (off-line monitoring) is reduced to a
minimum extend. In this case, potential damage is to be detected in-service (on-line) with integrated monitoring
systems. This approach is referred to Structural Health Monitoring (SHM).
1.1 Structural Health Monitoring
Structural Health Monitoring (SHM) is the automatic online monitoring of structural integrity during service [11].
Rather simple systems aim to detect the mere presence of damage. A more sophisticated approach localizes, qualifies
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and quantifies damage, in order to enable damage assessment. Rytter [13] distinguished between four different levels
of diagnosis:
•
•
•
•

Level 1: (detection) provides qualitative information of the mere presence of damage within the structure.
Level 2: (localization) estimates the location of damage.
Level 3: (assessment) determines the size of the damage as well.
Level 4: (consequence) evaluates the actual safety of the structure.

With increasing level of diagnosis, the monitoring effort and system complexity rises. Level 1 refers to a relatively
simple system, which only triggers an inspection of the structure in case of damage. Level 4 corresponds to a
sophisticated SHM system, which is capable of decision making. In this case, the system will assess the damage and
evaluate whether the damage is critical or not, including an estimation of residual strength. An additional classification
is made according to the scope of the SHM systems [11]:
•

•

Global SHM considers all possible damages of the whole structure. This approach includes accidental and
impact damages as well. If a global SHM is needed, usually the first two level of diagnosis are considered, due
to the enormous increase of system complexity. Here, data based (statistical) methods like pattern recognition
[2] perform well.
Local SHM focuses the monitoring effort on a local domain. Monitoring of safety-critical parts or fatigue
damage is usually referred to local SHM. Here, the scope of the needed SHM is well defined and thus, higher
level of diagnosis can be considered. For local SHM and especially if damage assessment is needed, so called
physic-based approaches, where the damage is related to its influence on a physical behaviour, perform well.

Usually, different sensor types and measurement techniques are used for the different types of SHM (global and local).
The fibre optical sensor (FOS) is one sensor type which is of interest for both type of SHM. FOS are suitable for strain
measurements and thus suitable for physic-based approaches. Using FOS with Fibre Bragg Grattings (FBG) [12], strain
is measured with high accuracy at a single or several points within the fibre. However, distributed fibre optical sensors
using optical frequency domain reflectometry (OFDR) [12] are capable of measuring in continuous manner over length
of the fibre. This feature is of interest in particular for global but also for local SHM systems. With a well-designed
placement of the OFDR FOS, a large area is covered and monitored. In combination with FRP, integration of the FOS
within the production process is possible. Thus, the sensor can be placed within the material instead of applying it on
the surface.
Based on structural analysis, so called Structural Damage Indicators (SDI) [11, 4] can be defined. While common
damage indicators extract damage features from the measured data, the SDI is introduced by careful consideration of
the structural behaviour and the influence of damage in advance of design of the SHM system itself. The monitored
signal is not only compared with the signal at the initial stage but with a structure response parameter in the ideal state.
Thus, the measurement of the initial state can also be considered as intrinsic quality assurance. This is in particular very
efficient, if the ideal state refers to structure response parameter of zero. In that case, the presence of non-zero
measurements directly correlates to the presence of damage. Since severe damages will have a significant influence on
the structural behaviour regardless environmental changes, SDIs are considered to be reliable and sensitive.
In previous work, efficient strain-based SDIs for a plate in the post-buckling regime [15], for beam and truss structures
[11] and for single lap adhesive joints [8, 9] were derived. A comparable approach was shown for a beam in flexural
vibration [4]. In this contribution, a braided composite shaft under torsional load is considered, utilizing the so called
zero-strain trajectories, proposed by Schagerl et al. [14]. The principle idea for the application of zero-strain trajectories
on a braided shaft was already described in previous work [10]. In the current contribution, the approach is validated
within experiments.
1.2 Braiding process
The braiding technology has been gaining importance for composite preform manufacturing. It can produce
components with complex hollow geometries and high load bearing capacities for different applications. A common
technique used for manufacturing braided composites is the circular braiding process with radial braiding machines
(see Fig. 1). In the braiding process, the deposition of off-axis and standing axial yarns is realized by two sets of
counter rotating circumferential bobbins moving in a sinusoidal motion around stationary bobbins. The fibre yarns are
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pushed through the braiding ring and are deposited onto the surface of the mandrel forming the textile preform.
Parameters of the process include: number of active bobbins, braid take up and circumferential speeds, types of yarns
used, dimensions of the braiding machine and braiding mandrel; these parameters determine the final preform shape
and yarn architecture.
The fibre architecture along the mandrel axis can be modified by robotically guiding a mandrel through the centre of
the machine with a defined speed. The final braid pattern is the result of the interaction of yarns along the
circumference of the machine, yarn configuration, mandrel geometry and robot-controlled path of the mandrel [6].

Fig. 1: Radial braiding machine with robotic arm which guides the mandrel.

2.

Measurement concept for braided composite shafts

Within this paper, the approach of using SDI is applied on a braided composite shaft. The shaft has a constant diameter
and thickness, using three layers of glass fibre reinforced plastic (GFRP) during the manufacturing process. Compared
to regular aluminium shafts, this structure is not prone to fatigue damages. However, impact damages are a concern.
Thus, a monitoring system is needed which covers the whole surface of the braided GFRP shaft. Using OFDR FOS, a
large area is monitored while strain as local quantity is measured. Thus, a global monitoring system based on a local
quantity can be applied with reasonable effort.
The first step for applying SDI is to analyse the structural behaviour of the undamaged and the damaged shaft in order
to get a complete understanding of the load carrying behaviour and the influence of potential damages: The shaft is
loaded by a torsional load, considering a fixed-fixed boundary condition. Thus, the Poynting effect [7] can be neglected
and pure shear deformation is present in case of an undamaged shaft. Fig. 2(Left and Centre) illustrates the stress state
for pure shear for a 2D element. Considering a rotation of 45°, shear stress is changed to tensional stress in x1 direction
and compressive stress in x2 direction. They are referred to as the principal stresses.
If impact damage is present, the stiffness is locally reduced and thus, shear stresses are redistributed within a certain
area. Fig. 2(Right) shows the direction of principal stresses for the undamaged state (left) and in case of damage (right).
Here, the principal direction is rotated and significant stress in longitudinal direction is present as well. This effect is
utilized as SDI. In the ideal state, there is no strain along the longitudinal direction of the shaft. Thus, this direction is
referred to as the zero-strain direction. Only if damage occurs, strain is present in this direction. This leads to a very
powerful SDI, where the mere presence of a non-zero value refers to damage. If FOS with OFDR are used, longitudinal
strain over the whole length of the shaft is monitored. Damage is detected by a distinct deviation from the expected
zero-strain. Since OFDR provides strain measurements at each position of the fibre, the damage is easily localized.
Thus, the use of the FOS with OFDR in longitudinal direction already provides a level 2 monitoring according to
Rytter. However, the amplitude of the measured strain is dependent on the severity of damage, the circumferential
distance to the damage and also on the load level.
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Fig. 2: (Left) Pure shear illustrated for a 2D element and (Centre) its principal stresses. (Right) Direction of principal stresses for
torsion loaded shaft in the undamaged case (left) and the damaged case (Right) [10].

Assuming that the load level is known, two FOS positions are needed within the area which is affected by the damage
to triangulate and assess the damage, as explained in previous work for strain gauges [11]. Finite Element Method
(FEM) can be used to correlate the severity of damage and its distance to the SDI. Thus, numerical models provide the
basis for damage assessment.

3.

Test setup

For validation of the proposed SDI, GFRP shafts are manufactured using the braiding process. During manufacturing,
the FOS are already integrated within the textile preforms. Afterwards, the specimens are impacted during drop tower
tests. Then, static torsion is applied to the damaged shafts in order to validate the monitoring approach.
3.1 Manufacturing process and sensor integration
The textile preforms were braided using a radial braiding machine (Herzog RF 1/144 – 100) onto foam core bodies
with 65 mm diameter of the material ROHACELL 110 IGF. The foam core was fitted with aluminium sleeves on both
end faces. The sleeves were later used to couple the shaft to the testing machine for torsional testing. Three layers of
glass fibre were braided onto the mandrel to obtain a wall thickness of 1.5 mm. The braiding machine settings were
adjusted to generate a braiding angle of ± 45° (see Fig. 3(Left)). FOS were introduced as longitudinal yarns so that they
run straight and parallel with respect to the braiding direction (see Fig. 3(Centre)). In total, four FOS were integrated
separated by an angular distance of 15° with respect to each other. In real application, the FOS should be evenly
distributed over the circumference. Here, the FOS were focused close to the area where damage was later introduced
by impact. Afterwards, the braided composite was consolidated in a Resin Transfer Moulding (RTM) process using
epoxy resin. A special RTM moulding dye was designed and constructed to protect the FOS from damage during the
curing process. The RTM moulding dye consisted in two aluminium half shells which surrounded the mandrel and
sleeves. The FOS were led out through a quarter-circle opening at the end plate of the moulding dye. A strong bonding
between the driving shaft and the sleeves was created during the resin curing; this is required to transmit the applied
torque of 300 Nm to the shaft during torsional tests. In total four braided shafts with integrated sensors were produced.
Fig. 3(Right) shows one half shell of the moulding dye with a finished GFRP shaft. The red lines were added with a
pen to mark FOS positions.
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Fig. 3: (Left) Photographic image of the braided preform with integrated. (Centre) Schematic representation of the
textile preform on the mandrel. The braiding yarns, glass fibres, and also the longitudinal yarns (FOS) are indicated
FOS.
(Right) Aluminium half-shell of the moulding dye with a GFRP shaft after manufacturing.
It should be mentioned, that only 50 % of all FOS were functional at this stage. It is unknown, whether the FOS were
damaged during the manufacturing process or afterwards during handling or transportation of the specimens. Due to
the small diameter of a single FOS, the free part of the FOS is very vulnerable to damage during handling.
3.2 Damage introduction
After manufacturing, damage was introduced into the braided shafts within drop tower tests. All four manufactured
shafts
were impacted. The impact tests were performed with an impact energy of 10 J. A square aluminium profile with an
angle of 45° and a total mass of 3.26 kg was used as impactor. Drop height was 0.32 m. Two shafts were impacted
twice, while the other two were impacted once. In Fig. 4(Left) the position of the impacts are shown. Fig. 4(Centre)
shows a photograph of the drop tower tests immediately before impact. The position of the fibre optical sensors is
marked with red lines. The black crosses refer to positions of impacts.
All drop tower tests produced a comparable damage pattern. After the impact, a clouded surface developed which can
be described as an elliptical or peanut-shaped surface (see Fig. 4(Right)). Within this clouded surface matrix damage
and delamination is present. Fibre breakage is also expected near the impact point. Tab. 1 summarizes the visible
extend of all impact damages. Here, d2 refers to the length within longitudinal direction of the shaft and d1 refers to the
length in circumferential direction.
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Fig. 4: (Left) Sketch of the position of the impact and the FOS (measurements in circumferential direction are given in
degrees). (Centre) Setup of the drop tower tests. (Right) Impact damage after drop tower test.
Tab. 1: Visible extend of the impact damages (d2 refers to the longitudinal direction and d1 refers to the circumferential
direction).

3.3 Torsional test
After the damage introduction within drop tower test, torsional tests were performed. Due to a large amount of
damaged FOS, only shaft 1 and shaft 4 are considered at this point. The pre-damaged shafts were applied to a torsional
test bench with a nominal torque of 4000 Nm. Torque and torsional angle were measured and acquired via an MTS
data acquisition system. The strain of the FOS was logged with a separate POLYTEC data acquisition system. Fig.
5(Left) shows the setup of the torque test. The shaft was mounted on the test bench with the help of several adapting
units. A sliding hub was installed to avoid mechanical impacts from the hydraulic system which might occur during the
start-up of the test ramp. The static torsional tests were conducted by applying torque with a step size of 50 Nm
between a range of 0 Nm to 300 Nm and held constant for a timespan of approximately 200 s (see Fig. 5(Right)).
During that time, measurements of the FOS and two reference strain gauges were performed.
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Fig. 5: (Left) Sectional view of the specimen at the test bench. (Right) Applied torque over time.

4.

Test results

During the static torque test, all four FOS were evaluated at each load level (50 Nm, 100 Nm, . . . , 300 Nm). However,
only FOS 3 of shaft 1 provided a meaningful reading. All other sensors were damaged during the manufacturing
process, transportation, handling or impact. Thus, this section focuses on shaft 1.
For comparison, strain gauges were applied at the position of FOS 2 and FOS 3 at the position 455 mm. Fig. 6(Left)
shows the results of the strain gauges. In case of an undamaged structure, both strain gauges would measure zero strain.
Due to impact damage 2, a certain amount of strain is redistributed in a local regime. The strain gauge at the 3rd FOS is
closer to impact 2 and thus measures larger amount of strain. For higher loads (above 200 Nm, after approx. 600 s), a
time-dependent behaviour was present and strain increases further. However, this viscoelastic behaviour was not
further investigated.
Fig. 6(Right) shows the reading of FOS 3 for all load levels. The first and last 80 mm were not considered, since the
reading in that area was influenced by the aluminium sleeves. The characteristic shape of strain distribution due to
damage can be seen at three different positions. The clearest signal is at the position 445 mm. This position refers to
impact 2. Here, is a distinct minimum present which is followed by a strongly pronounced maximum. The measured
strain almost reaches 200 µm/m in case of a torsional load of 300 Nm. Thus it is concluded, that the impact is above
and rather close to the FOS. At the position 200 mm (impact 1) a small maximum is followed by a pronounced
minimum. In this case, the damage is below the FOS. The difference between both peaks is smaller, although impact
energy was identical during all impacts. This is due to the increased distance of the damage to the FOS. Surprisingly, a
third characteristic deviation is found at a position of 320 mm. In this case, no impact damage is present. However, a
strain gauge was applied to this position and the surface was slightly damaged during the surface treatment (grinding).
The deviation in this case is about 50 µm/m.
As described, both impact damages and even the minor surface damage due to grinding are clearly detected by FOS 3.
In addition, a clear deviation is present within the first 200 mm. The expected zero-strain is not measured within that
area. There is also a mismatch of the amplitudes from minimum and maximum at impact 1.
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Fig. 6: (Left) Results of the strain gauges at the position 455 mm. (Right) Strain reading of FOS 3 for all load levels.
M1 refers to the applied torsional moment.

5.

Conclusion

Within this contribution, zero-strain trajectories were used as SDI for a torsional loaded braided shaft. FOS with OFDR
were used to measure the SDI and to detect impact damage. Already during the braiding process, FOS were integrated
as longitudinal yarns. Afterwards, drop tower tests damaged the braided shafts, which then were tested within torsional
tests to detect the damage using the FOS. During torsional tests, the FOS achieved a clear damage signal. All damages,
even a non-expected superficial damage due to grinding, were detected. However, some noise, leading to a non-zero
signal, was present. It is assumed, that slight sensor misalignments of approximately 1 caused the measurement noise,
leading to the non-zero signal. For a rough level 2 diagnosis according to Rytter, one FOS is needed within the area
which is affected by the damage. If full damage assessment is needed, is assumed that two FOS are able to distinguish
between a close, small damage and a more severe but distant damage. Considering, that damage within 45°
circumferential distance was easily detected, it is concluded that four evenly spaced FOS positions are needed to assess
all potential impact damages. However, only 50 % of all FOS survived manufacturing process, handling and transport.
After the drop tower test and additional handling and transport, only one FOS provided a signal over the whole length
of the braided shaft. Thus, protection of the sensors, especially at the position where they leave the material, is a
concern.
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Abstract
“Intelligent materials” are nowadays the perspective subject of research. Thanks to piezo material price
developments, one type of this material could be the common material with heavily distributed piezo elements. Such
material can still have lightness, flexibility and approximately other aspects of the original material, but with the
added energy these properties may be partially modified. The paper deals with optimization and control of vibration
suppression of the planar flexible systems equipped by regular and dense matrix of multiple sensors and actuators.
The proposed concept consists from the steel cantilever beam with three piezoelectric patches. FEM model of such
concept was created to test its accuracy compared to reality. A detailed description of this problem could be seen in
[1]. On this model, the H-infinity controller was designed and subsequently tested on the real experiment with
promising results. Based on these results, the model was extended to a square plate with distributed piezo patches in
the 5x5 grid. The results from decentralized control law synthetized by the h-infinity will be presented. Results are
promising, but such a heavily distributed grid still leads to demands on the initial expense. The actuators and sensors
are not that big problem, the problem occurs with the amplifiers needed to power individual piezo elements. In order
of further savings, four more concepts were proposed and will be presented. There are formed several groups
“clusters” of piezo patches which are powered with a single amplifier and single control voltage. These clusters are
then subject of an analysis based on total energy loss using the Hankel matrix and controllability criteria. The results
showed that the system can be controlled with minimal energy loss for each mode with only nine amplifiers and nine
different inputs voltages. That leads to saving the 16 amplifiers and open the possibilities of further improvements.
Keywords: distributed actuators; distributed sensors; distributed control; vibration suppression, model reduction

1. Introduction
Smart material capable of vibration suppression or shape change is nowadays a very active field of research.
The main advantage of using smart materials and structures are their potential to bring the new features in the standard
application and technologies. This technology needs to be controlled in the right way and the suitable control strategy
is distributed control law. With this control strategy the measured data are collected and then distributed to actuators
using H-infinity control synthesis. This principle can be applied to various systems [4]. To successfully apply the
vibration suppression or the shape change of the researched system the precise FEM model with many degrees of
freedom is needed to be obtained [5][6]. Such a model is very large and unsuitable for control strategy. Therefore,
model order reduction is applied [7][6] to give accurate enough yet tractable models for optimal actuators and sensors
placement [8][9][10]. Second approach is for already existing prototypes. It using experimental identification to
obtain mathematical model from measured data [11]. With such mathematical model the proper control synthesis can
be designed to reach desirable outcome. In our case its vibration suppression of the plate with heavily distributed grid
of piezopatches
a) experimental demostratot
b) piezo „clusters“
Fig. 1 a).
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a) experimental demostratot
b) piezo „clusters“
Fig. 1. Experimental demonstrator

2. Piezo clusters
Fully actuated system is demanding for control strategy and initial cost due to fact, that each piezopatch
demands one amplifier. Merging piezopatches to groups “clusters” is proposed for simplification of the
control law and saving amplifiers Fig. 1 b).
This is achievable using gramians of controllability and observability in stable algebraic Lyapunov form
𝑨𝑾𝒄 + 𝑾𝒄 𝑨𝑻 + 𝑩𝑩𝑻 = 𝟎
(1)
𝑨𝑻 𝑾𝒐 + 𝑾𝒐 𝑨 + 𝑪𝑻 𝑪 = 𝟎.
For stable A, the obtained grammians 𝑾𝒄 and 𝑾𝒐 are positive definite and for our case even diagonal. This
results can be transformed into balanced representation using transformational matrix R obtain via Hankel
matrix H which can be expressed as
𝐇 = 𝑸𝑷
(2)
Where P, Q are obtain from the decomposition of the controllability and observability grammians,
respectively
𝑾𝒄 = 𝑷𝑷𝑇
(3)
𝑾𝒐 = 𝑸𝑸𝑇 .
Then decomposing the Hankel matrix using SVD decomposition
𝑯 = 𝑽𝜞𝑼𝑇 ,
(4)
can be expressed the transformational matrix R as follows, see [2]
𝟏
(5)
𝑹 = 𝑷𝑼𝜞− ⁄𝟐 .
And its inversion as
𝟏
(6)
𝑹−𝟏 = 𝜞− ⁄𝟐 𝑽𝑇 𝑸.
Using above equations, the (Ab, Bb, Cb) matrices of the new balanced state-space representation can be
expressed as
𝑨𝒃 = 𝑹−𝟏 𝑨𝑹
(7)
𝑩𝒃 = 𝑹−𝟏
2
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𝑪𝒃 = 𝑪𝑹.
And the new grammians of controllability and observability is computed as usual. The eigenvalues of the
grammians product are invariant and can be denoted γi
(8)
γi = √𝜆𝑖 (𝑾𝒄 𝑾𝒐 ) = √𝜆𝑖 (𝑾𝒄𝒃 𝑾𝒐𝒃 ), 𝑖 = 1, . . , 𝑁,
The above expression is called Hankel singular values of the system and represent a measure of energy
for each mode

a) fully actuated

b) selected cluster
Fig. 2.Controllability in balanced form

The results of merging piezopatches are promising
fully actuated
b) selected cluster
Fig. 2) It is clear that the similar results can be achieved with only nine amplifiers and nine control inputs with

minimal loss of energy for each mode.

3. H-infinity control strategy
Results are presented only for sensor patch located in the centre of plate. The weighting filter has been used (9) to
penalize output voltages from sensors.
𝑘𝑖 (𝑠 + 1)3
(9)
𝑊𝑝 =
3

(𝑠 + 𝑐)

This filter is tuned using constant 𝑘𝑖 and c to amplify the red curve above the zero decibels (or penalize the peaks of
the singular value plot, respectively). Singular value plot of the system and augmented system (system with filter
Wp) is depicted below. In the first case, only one controller parameter 𝑘𝑖 = 𝑘, 𝑖 = 1,2, … ,25 for the local
decentralized feedbacks was tuned. The first bending mode was slightly suppressed. In the second case, we examined
the possibility to use distributed controllers, again with the same gains throughout the smart structure, 𝑘𝑖 = 𝑘, 𝑖 =
1,2, … ,25: 𝑢𝑖 = −𝑘𝑖 (𝑦𝑖−1 − 𝑦𝑖 ) − 𝑘𝑖 (𝑦𝑖+1 − 𝑦𝑖 ) [3].
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Fig. 3. Bode diagram and impulse response for the decentralized feedback, relaxed gains

Subsequently, the constraint on equal control gains for all nodes was relaxed for both cases studied so far
(decentralized and distributed, respectively). The first case then reads 𝑘𝑖 , 𝑖 = 1,2, … ,25 could be now different
proportional controllers. With this additional “degree of freedom”, this decentralized control law is able to suppress
all system resonant frequencies which is clearly visible in the Bode diagram and impulse response (Fig. 3 and Error!
Reference source not found.). However, some frequency peaks are shifted significantly.

4. Conclusion
The real demonstrator of smart material capable of shape change and vibration suppression was presented. It consists
of the plate with heavily distributed grid of piezo patches. For this demonstrator the H infinity control synthesis was
proposed for decentralized and distributed cases to minimalize impulse response capable to suppress all system
resonant frequency. In addition, a possible saving of initial costs was discussed. Using controllability parameter
in balanced form via Hankel’s singular values can be reduced 16 amplifiers with minimal loss of energy for each
mode.
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Distributed control for a morphing wing with a macro fiber
composite actuator
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Abstract
This work offers a new look at the morphing wing control, where the complex dynamical model is represented as a set
of interconnected virtual agents and the distributed control paradigms are used. The background theme of this work is
the most important of all aeroelastic phenomena causing unstable self-excited vibrations of aeroelastic structures like
wings or ailerons. This instability called flutter occurs above the critical (flutter) speed where at least one of the modes
is no longer damped. Aeroelasticity is relevant for the design of various structures including bridges, wind turbines,
helicopter blades, and similar. This work considers specifically the flexible wing flutter.
Keywords: morphing wing, aeroelasticity, flutter, macro fiber composite, distributed control

1. Introduction
Flutter can take various forms involving different interacting modes and often leads to catastrophic structural failure.
Reduction of structural weight to maximize efficiency and agility for modern aircraft also reduces stiffness and thereby
increases the likelihood of flutter. A solution to this problem without structural modifications is active control. The
general principle of active suppression approach is that available information is processed about unwanted movements
of flexible parts which must be damped. Typically, accelerations at a few points on a wing are measured, and control
commands for dedicated aerodynamic surfaces are generated. Active flutter suppression systems become even more
important with the new generation of light-weight materials and structures.
In the last 20 years, recent developments in SMART materials helped to examine a new concept of morphing wings [1].
This new promising technology works with the idea of changing the wing shape enabling a mission-adaptive performance
[2]. Current conventional wings are usually designed for either a single cruise flight condition or by using a weighted
combination of multiple flight conditions, and they are thus not optimal for a wide range of flight modes. Continuous
variable wing geometry has significant efficiency, can minimize drag, and it is silent compared to wings with
conventional flaps with gaps producing a considerable noise source. Moreover, smart materials are removing energy
conversions such as electrical to mechanical to hydraulic forces, reduces the number of individual parts and thus reduce
the probability of failure.
Macro-Fiber Composite (MFC) has been used as an actuator for the morphing wing segment model presented in this
work. These new aircraft actuation possibilities also motivate novel approaches to control design of active damping and
active flutter suppression systems [3]. Especially interesting for this purpose are the distributed and cooperative control
concepts dealing with the problem of controlling a multi-agent system, where multiple dynamic local entities share
information to accomplish a common global goal.

2. Aeroelastic morphing wing model
Dynamic aeroelasticity result from the interaction of three types of force, inertia force, elastic force, and aerodynamic
force. This interaction is ensured by a model with a structural part modeled using Finite Element Methods and the
aerodynamic part. The equation of motion for the entire system is given in (1), where 𝑀, 𝐶, 𝐾 are the wing mass, damping
and stiffness matrices composed of element matrices and structure shown in the Fig. 2. 𝑄 is a generalized force vector
with aerodynamic forces [3]. In this paper, we represent the model as a set of dynamics mutually interconnected with
their neighbors. In other words, we have several predefined agents with a given network as shown in Figure 1. Each node
𝑛𝑗 ; 𝑗 = 1,2, … , 𝑖, represents a particular wing segment in the wingspan, where the airfoil shaping changes local forces
on the wing.
𝑀𝑥̈ + 𝐶𝑥̇ + 𝐾𝑥 = 𝑄

(1)
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Fig. 2: M, C, K Matrices structures with element matrices.

Fig. 3: The dynamics of a morphing wing divided into several wing segments represented as a group of agents.
3. Distributed control
We formulate flutter suppression task as state synchronization of agents in a new artificial network, where information
can propagate faster and thus speed up the system response. Example can be a connection between the last node (tip of
the wing) and the fuselage. It realizes virtual clamping between the fuselage and this node and contributes to system
stability. Agent´s states synchronization is done by cooperative LQR [3], with input to segment with index 𝑖 in equation
(2), where 𝑐 is a scalar coupling gain, 𝐾 is a control gain matrix and 𝜖𝑖 is neighbourhood synchronization error. This
synchronization error (3) depends on adjacency matrix 𝐴 = [𝑎𝑖𝑗 ] and pinning matrix 𝐺 = 𝑑𝑖𝑎𝑔(𝑔𝑖 ).
𝑢𝑖 = 𝑐𝐾𝜖𝑖
𝜖𝑖 = ∑𝑗∈𝑁𝑖 𝑎𝑖𝑗 (𝑥𝑗 − 𝑥𝑖 ) + 𝑔𝑖 (𝑥0 − 𝑥𝑖 )

(2)
(3)

Distributed control results for the studied case of morphing wing are not yet developed. However, as the related work on
heavily distributed active damping for simple mechanical structures suggests, potential robust and efficient performance
can be anticipated.
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Fig. 1: Root locus of dominant modes - decentralized active damping, adopted from [4].
To prove this assumption for the more complex case of aeroelastic bodies, both in high-fidelity simulations and in
experiments, shall be in the focus of our near future research. Our first results related to mechanical design and
manufacturing of suitable experimental platforms are given in the section follow.

4. Morphing wing segments
The main technical results are presented in this section. To validate experimentally the distributed modelling and control
concepts, we develop related subscale experimental platforms suitable for wind tunnel testing. 3D printing is the
technology used for mechanical design and rapid prototyping. Experimental morphing wing model is composed of
discrete segments with the following construction requirements:
•
•
•
•
•
•

Lightweight
Flexible in axis perpendicular to the wing
Stiff for compression
Stretching resistance
Simple for manufacturing
Modularity

The first experiments have been done with 3D printed wing segments equipped with MFC. Two different designs (type
A, type B) are shown in Figure 2 and Figure 3. Design of type A is more flexible than the type B in an axis perpendicular
to the wing. However, type B in contrast with type A enable shaping in the wing axis. Two MFC strips were glued
together and used for airfoil banding. This pair of actuators were tested in two configurations. In the first configuration,
MFC formed the skin of the one side of the segment and caused only small and asymmetric airfoil deformation. In the
second configuration with MFC placed in the plane of the chord line, the deformation was symmetric and more significant
than in the previous case.
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Fig. 4: Mechanical structure of the morphing wing segment - type A.

Fig. 5: Mechanical structure of the morphing wing segment – type B.
5. Conclusion
We present two wing segments designs, actuated by MFC in two different configurations. Similar architecture as we
show in the structure A and the structure B will be used in future wing constructions, where the segments will be joined
together and actuated independently. The possibility of airfoil morphing of individual wing segments offers new control
approaches such as distributed control described in this paper.
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Abstract:
The structure of the bio- chemical transducer was developed. It consists of a measuring
element (sensor) combined with a reference element and is in a form of two transistors
utilizing different control mechanisms: one with an electrolyte gate and the other one with a
metal gate. This design allows for differential signal measurements, resulting in improving the
sensitivity, as well as, thermal and long-term stability of the element. The transducer was
fabricated in AlGaN/GaN HEMT type heterostructure. The behaviour of the transducer in
solutions with different pH was examined applying the custom developed methodology.
Comparative investigations on the transistors with a metallic and electrolyte gate were carried
out. For both of the measured transistors, the correct output and transient electrical
characteristics were obtained. Furthermore, performed experiments showed that the transistor
with electrolyte gate fabricated in AlGaN/GaN HEMT heterostructure has good stability of
pH sensing as well as good chemical resistance and suggest that the designed and fabricated
device, is applicable as a bio- and chemical transducer.
Introduction:
In recent years an increased interest in the application of nitrides materials for gas- and
bio-chemical sensors is observed. In developed sensor two essential elements can be
distinguished: transducer part and receptor part. As a result of analyte interaction with the
receptor part, specific physic-chemical reactions occur causing changes in the properties of
the transducer part. Depending on the type of applied transducer the chemical information is
transformed into another type of energy in various forms of electrical, optical or acoustic
signals. Typically, the semiconductor transducers utilize the field effect. It is the operation
basic of MISFET (MOSFET), MESFET and HEMT transistors. Furthermore, these types of
transistors could be used as transducers by replacing the metallic gate with receptor part. At
the beginnings of transducer development, the silicon ISFET’s transistors were used. In recent
years, because of higher electrons mobility, the ISFET transistors were replaced by HEMT
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transistors. Two-dimensional electron gas in the channel of HEMT’s results in very high
mobility, however classical AIIIBV heterostructures, in which HEMTs are formed, are
chemically and electrically unstable and could be biologically incompatible (or even toxic for
cells cultures). Because of that issue, the AlGaN/GaN heterostructures that can be applied for
this application, with different cap layers (AlGaN, AlN, GaN, SiN) were proposed for the
HEMT fabrication process. Structure design is presented in Figure 1:

a)

b)

c)

Fig. 1: The schematic layer structure of AlGaN/GaN HEMT-type heterostructures with
different surfaces: AlGaN a), AlN b), GaN c)
The operation of AlGaN/GaN HEMT transistors is based on the modulation of the sheet
carrier concentration of 2DEG (two-dimensional electron gas), in a triangular potential well,
that is formed in the GaN layer on the AlGaN/GaN interface. The electrical response of
AlGaN/GaN HEMT-type transducer that is observed could be: the change of the channel
resistance, alteration of the drain saturation current or the change of the pinch-off voltage of
the channel. Depending on the type of applied receptor layer the open-gated HEMT type
AlGaN/GaN transducers could be used for sensing of various types of biological and chemical
substances [1]. There was also found that the exposed surface of this type transducers is
sensitive to pH changes of the electrolyte. It should enable elaboration of semiconductor pH
sensor [2÷4]. The structure of the bio- chemical transducer was developed that consists of a
measuring element (sensor) combined with a reference element in the form of two transistors
utilizing different control mechanism: one with electrolyte gate and the other one with the
metal gate. This design was selected because it allows differential signal measurements, that
results in improving the sensitivity as well as the thermal and long-term stability of the
element. The transducers were fabricated in AlGaN/GaN HEMT type heterostructure. The
behaviour of the transducer in solutions with different pH was examined applying the custom
developed methodology [5].
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Transducers fabrication:
HEMT’s were fabricated in AlGaN/AlN/GaN heterostructures grown by MOVPE
(Metalorganic Vapor Phase Epitaxy) technique on sapphire substrates in a low-pressure CCS
3x2” Aixtron system and were characterized using impedance spectroscopy method and Hall
measurements. Mesa isolation of electrically active structures was achieved by RIE using
Cl2/BCl3-based discharges. The ohmic contacts were made by lift-off of Ti/Al/Mo/Au
metallization deposited in a single UHV process followed by optimized rapid thermal
annealing (RTA). The Ru/Au Schottky contacts were evaporated by e-beam technique and
formed in the lift-off process. Finally, the Ti/Au multilayer was deposited on the bonding pads
of the ohmic and Schottky contacts. Thick polyimide layer was used for passivation of
electrical structures and defining the electrolyte gate area. The counter electrode was
fabricated by lift-off of Pt metallization. The wafers were encapsulated using SU8 except for
the sensing region and electric pads. After dicing, the separate transducers chips were
mounted and electrically connected to the specialized package.
Results and discussions
A critical issue in the correct operation of the HEMT with a chemical gate is limited
sensitivity and stability. In order to maximize its performance, test structures should include a
measuring element (sensor) and a reference element. That can be realized by the pair of
transistors that differ in their construction: a transistor with the electrolyte gate is used as an
element that is sensitive to the presence of the detected substance and classical transistor with
a metal gate that provide a reference signal. To obtain a stable reference signal, the
development of a passivation technology for the biologically /chemically inactive part of the
element is crucial. Requirements for the construction of the channel of the HEMT with a
chemical gate are different from the structure of the transistor intended for use in the field of
RF or gas sensing. The critical parameter of such a transistor is its transconductance, that is
mainly influenced by the mobility of carriers and the choice of the point of its operation
(operation in a linear or saturation regime).
The size of the active area also requires optimization. In developed transducer, special
attention was paid to the problem of the layout of the source and the drain contacts. Due to the
required long distance between the source and the drain, as well as the special design of the
transistor in which contacts are spatially distributed, multilayer metallization connections
were applied using polymer layers with a small dielectric constant. The contact pads were
thickened electrolytically to withstand the high currents and mechanical loads expected. Two
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sets of photolithographic masks were designed to fabricate devices test structures with various
electrode configurations (HEMT type devices with different source-drain distance, presence/
absence of a metallic gate). The measuring methodology of electrical parameters of the biochemical sensor transducers was developed [5] and measurements were carried out on the
structures mounted in a specialized package. Figure 2 presents the optical microscope images
of two types of bio- chemical sensing transducers fabricated in the AlGaN/GaN
heterostructures.

b)
a)
Fig. 2. Optical image of bio- chemical transducers developed in FMEP WUST: a matrix of 5
transistors with open gates of various lengths a), a structure containing 4 different types of
transducers along with structures for devices technology testing b)
Figure 3 shows the SEM image of the part of the designed transducer chip: Atransistor with a metallic gate, B-transistor with an electrolyte gate, C-counter electrode. The
whole structure, excluding the counter electrode and the area of the electrolyte gate, was
covered with a polymer protective layer.

Fig. 3. SEM image of the designed transducer chip: A-transistor with metallic gate, Btransistor with electrolyte gate, C-counter electrode
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The measurements of DC transistor characteristics with a metal gate and transistor
characteristics with an electrolyte gate were performed in 1 molar aqueous KCl solution with
different pHs, controlled by the addition of KOH or HCl. An external calomel electrode was
used as the reference electrode. Figure 4 presents output characteristics of a transistor with a
metallic gate (Fig. 4 a) and output characteristics of the transistor with an electrolyte gate in
solutions of different pH (Fig. 4 b, c, d).
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Fig. 4. The output characteristics of the transistor with a metallic gate a) and with an
electrolyte gate (b ÷ d). Id- drain current, Ugs- metallic gate-source voltage, Ucs-voltage
between the counter electrode and source (for transistors with an electrolyte gate)
For each of the measured transistors, the correct characteristics were obtained. The
observed difference in the value of the drain current occurring between the transistor with a
metallic gate (Id = 1.2 mA) and the transistor with an electrolyte gate (Id = 3.8 ÷ 4.3 mA)
results from different potential distribution in the examined structures. In the field effect
transistor, the value of maximum saturated drain current is determined by the construction of
the heterostructure, the length of the gate and the height of the potential barrier between the
semiconductor and gate. In the case of the electrolyte gate the height of the potential barrier,
between semiconductor and counter electrode, is influenced by the interactions between
counter electrode-electrolyte and electrolyte-semiconductor. In the tested transducers, in the
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case of electrolyte gates, the leakage current of the gate did not exceed 50 pA, while for
transistors with a metallic gate was below 10 nA. The drain leakage current was comparable
for both transistors and did not exceed 10 nA.
Figure 5 shows the transient characteristics of transistors with an electrolyte gate as a
function of the potential difference between the reference electrode and the, source, Urs, for
three different pH values. In the same figure, the transient characteristic of the transistor with
a metallic gate is also shown. For a transistor with a metallic gate Urs = Ugs.
5
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pH=11
metallic gate
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Fig. 5. Transient characteristics of transistors with electrolyte gates and a metal gate transistor
(Urs = Ugs)
The smaller values of the drain currents with a metallic gate could not be explained only by
changing the contact potential difference between the gate and the semiconductor. Most
likely, in the case of transistors with electrolyte gate, the length of the gate (open window in
the thick polymer layer) is smaller than the length of the metallic gate. The change of
dimension, in relation to the nominal dimension on the photolithographic mask, in the case of
metallic layers fabricated using the standard lift-off metallization procedure, can be up to ±0.3
µm, while in the case of an electrolyte gate the size of windows open in thick photosensitive
layers polymers, can be significantly different. In addition, in the case of an electrolyte gate,
the formation of a strong electric field domain at the drain edge of the gate may be
accompanied by other phenomena. In contrast to the equipotential metal gate, with a stable
barrier, in the case of electrolyte, the height of the barrier will be influenced by the resulting
double layer and surface chemical reactions, which will be further influenced by the electric
field directed along the channel. Also, the effects related to the so-called "virtual gate" can
affect the value of the drain current [6]. In the case of a metallic gate, gate loses, including
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surface leakage, in the studied structures was more than two orders of magnitude larger and
amounted to 10 nA. For the electrolyte gate, this value was 50 pA
Figure 6 shows the dependence of the drain current as a function of the pH of the solution
(Urs = 0 V, Uds = 2.7 V, whereas Figure 7 shows the relationship of Urs voltage as a function of
solution pH for a constant value of drain current (Id = 2mA) and drain-source voltage (Uds =
2.7 V).
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Fig. 6. Drain current dependence
Id as a function of the pH of the solution
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Fig. 7. Dependence of Urs drain voltage on
the pH of the solution

The shift of the transient characteristic (Fig. 5) was consistent with the measurement
that shows the changes in the cut-off voltage of the transistor as a function of pH of the
solution measured by non-destructive methods using impedance spectroscopy. The obtained
consistency of results confirmed the correctness of the adopted methodology of metalelectrolyte contact research using non-destructive methods of impedance spectroscopy.
Conclusions
The transducer was developed that consists of a measuring element (sensor) and a
reference element. The design was proposed in a form of two transistors: one with electrolyte
gate and the other with metallic gate. The transducer was fabricated in AlGaN/GaN HEMT
type heterostructure. The behaviour of the transducer in solutions with different pH was
examined applying the custom methodology. Comparative investigations on the transistors
with a metallic and electrolyte gate were carried out. For both of the measured transistors, the
correct output and transient electrical characteristics were obtained. The difference in the
drain current occurring between the transistor with a metallic gate and the transistor with an
electrolyte gate (Id = 1.2 mA, Id = 3.8 ÷ 4.3 mA respectively) was observed and may stem
from different potential distributions in the examined structures and/or the change of gates
dimensions, in relation to the nominal dimensions on the photolithographic mask.
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Furthermore, performed experiments showed that the transistor with electrolyte gate
fabricated in AlGaN/GaN HEMT heterostructure has good stability of pH sensing as well as
good chemical resistance and suggest that the designed and fabricated devices are applicable
for bio- and chemical sensing.
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Abstract

Since its advent in 2004, graphene has been one of the most promising materials in Nano-technology.
This central role mainly stems from a combination of unique mechanical, electrical and thermal
properties. Several research works have been carried out on the quasi-static behaviour of
nanocomposites. However, high strain-rate loading experimental tests on such materials are essentially
absent. This work examines and assesses the out-of-plane dynamic behaviour of polymer-laminated
composites based on Epoxy resin, carbon fibres fabric and graphene nanoparticles. Specimens with two
mass fractions, 0% as reference and 2% of graphene have been manufactured and tested. Dynamic
compression tests were conducted using the Split Hopkinson Pressure Bars (SHPB) technique.
Deformation histories and damage scenarios of specimens were recorded during dynamic compression
by resorting to a high-speed camera. Experimental investigations have shown that the increase in the
strain rate has a dramatic effect on the mechanical behaviour and the damage scenarios of the material.
The effect of mass fraction of graphene on the dynamic properties and damage kinetics was discussed.
Keywords: Graphene, SHBP, Dynamic behaviour, Laminate Composites.

1. Introduction
Since its advent in 2004 [1], graphene has opened new paths for developing a variety of novel functional
materials [2]. It has been expected as the ideal reinforcement for polymer composites due to its unique
graphitized plane structure, high aspect ratio, and low manufacturing cost. In order to achieve optimal
improvement in the property of graphene/polymer composites, this strictly two-dimensional material
has been incorporated into a wide range of the polymer matrix such as polystyrene [3], polyaniline [4],
polypropylene [5], nylon [6] and epoxy [7] for various functional applications. Graphene-based polymer
nanocomposites have shown higher thermal, electrical and mechanical properties compared to the neat
polymer.
In a series of papers, El Moumen et al. [8-9] and Tarfaoui et al. [10-11] have investigated the effect of
carbon nano-additive on the mechanical properties of polymers under static tests, In this study, the effect
of the strain rate on the dynamic behaviour of laminated composite reinforced with graphene subjected
to out-of-plane loading using SHPB is evaluated. Compression tests were conducted at two different
strain rates; namely 765 s-1 and 2358 s-1. The effect of the introduction of graphene on the dynamic
properties of nanocomposites was discussed.

2. Experimental procedure
2.1. Material
The nanocomposite samples used in this study were made from 5 HS (satin) T300 6k carbon fibres fabric
and graphene nanoparticles dispersed in Epon 862 Epoxy resin. Specimens with two mass fractions of
graphene, 0% as reference and 2% of nanoparticles were manufactured and tested.
2.2. SHPB method
The out-of-plane dynamic compressive tests were conducted using the Split Hopkinson Pressure Bar
technique installed at the research centre of ENSTA Bretagne. This dynamic loading device is used to
study the material behaviour under high strain rates. As shown by the schematic outlined in Fig. 1, the
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SHPB apparatus is composed of a striker, an incident bar and a transmitted bar. Specimen was
sandwiched between the incident/input and the transmitter/output bars without any attachment.

Fig. 1: Split Hopkinson Pressure bar apparatus

3. Experimental results
3.1. Tests Repeatability
Dynamic compression tests in OP direction of graphene-based polymer nanocomposites were performed
using the SHPB at strain rates ranging from 765 s-1 to 2358 s-1. The evolution of the strain rate vs time
of nanocomposite specimens with 2% mass fraction of graphene are shown in Figure 2. For each fraction
of graphene, the test was repeated three times with the same impact pressure in order to ensure the
reproducibility of the experimental data. It can be seen that all of the curves exhibit the same tendency.

P=1.5 bar
P=4 bar
Fig. 2: Evolution of strain rate at different impact pressures, 2% of graphene

3.2. Effect of Graphene incorporation
Nanocomposite specimens were subjected to out-of-plane loading with two different impact pressures
1.5 and 4 bars. Strain rate-time curves for samples with different amounts of graphene are shown in
Figure 3. Clearly, the strain rate evolution is affected by the introduction of nanofillers. The addition of
2% of graphene provides a material, which exhibit more important, strain rate. The stress strain curve
vs mass fraction of nanoparticles was presented in Figure 4 for the case of specimens subjected to 4bars.
From this figure, it appears that the addition of 2% of graphene does not affect the dynamic behaviour
of composites, especially the maximum stress.
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P=1.5 bar
P=4 bar
Fig. 3: Parameters under dynamic compression tests with various graphene mass fractions

Fig. 4: stress-strain curves vs mass fraction of graphene, P=4bar

4. Conclusion
This work was carried out in order to investigate the effect of graphene nanoparticles on the dynamic
behavior of nanocomposites under dynamic compression at high strain rate. For that purpose, different
specimens with two mass fractions were considered. The test was conducted with SPHB machine. It
appears that the addition of 2% of nanoparticles does not affect the dynamic behavior of composites.
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Abstract
Since its discovery, graphene has been widely used in many potential applications. Being atomically
thin, graphene has can be used for membranes with ballistic flow mechanics. FIB is a good tool for
making uniform pores. However, for direct gas sieving or water desalination pores below 5 nm are
required. Making such pores using FIB is challenging. For smaller pores fabrication TEM can be used,
but it is limited to area and time consuming, which makes it not feasible for membrane applications. We
have found an applicable way to tune pores below 5 nm using Pt electron beam induced deposition using
FIB. Pt deposition reduces pore radius, controlling parameters will lead to pores below 5 nm.
Keywords: graphene membranes, nanopores, FIB, pore tuning, FIB Pt deposition, freestanding
graphene
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1. Introduction
Graphene being discovered in 2004 is utilized in many potential applications ranging from
optoelectronics to membranes [1-3]. Intersting properties of graphene are mainly bacause of its atomic
thickness. Also, due to this property has very high potentail in conventional membrane applications.
Firstly, in 2013 graphene has been utilized as a membrane and has shown extraordinary ballistic flow
mechanics with very high permeance [2]. Since that usage of graphene as a membrane has become a
viable topic of research [4-6]. Graphene is impermeable even to smallest molecules like He, that’s why
artificial pores need to be made. Different techniques and methods are applied for pore fabrication [7].
Among these techniques Focused ion beam (FIB) instrument allows controllable uniform and large area
pore making. Based on source of ions used in FIB technique it possible to make pores smaller close to
5 nm. Recently, it was reported that using high energetic Ga+ ions uniform pores of 7-8 nm in diameter
size and with He+ ions 5 nm pores were opened [8]. For high selectivity applications like gas sieving
and water desalination pores smaller than 5 nm sometimes, even below 2 nm pores are required. This is
the challenging part as this is not achievable using FIB. Alternatively, Transmission electron microscope
(TEM) can be for fabrication of pores smaller than 2 nm in diameter [9,10]. However, due its very small
applicable scale, pore fabrication time it is not practical. Solution for making pores below 5 nm is
controlled pore tuning. Graphene self-healing effect is known for more than five years [11]. Aspects of
graphene self-healing effect has been studied both theoretically and shown practically [12,13]. However,
self-healing process is itself deposition of amorphous junk carbon on surface of graphene [11]. Based
on same phenomenon, previously we showed controlled narrowing of FIB fabricated pores via selfhealing mechanism [14]. Using self-healing property of graphene, it was achieved pores smaller than 5
nm. Nevertheless, controlling pore radius is very challenging and deposited carbon is randomly oriented
rather than two dimensional. Another method to narrow pore size using HfO2 deposition in Atomic layer
deposition tool was reported [15]. This technique was used to seal defects of graphene rather than pore
tuning, as tuning is almost impossible to control in ALD due to reactions on specific sites.
Here we report a novel method for controlled graphene pores tuning using Electron beam induced
platinum deposition (Pt EBID). Instead of depositing uncontrolled and amorphous junk we used Pt
deposition using FIB instrument. Pt deposition in FIB is used mainly for fabrication purposes; due to
this fact, controlling the deposition parameters is very easy and versatile. Using Pt deposition for
graphene pores controlled tuning makes possible for making uniform pores smaller than 5 nm in
diameter.
However, before membrane applications, graphene needs to be transferred clean and without tears.
Most commonly used method is based on wet transfer using polymethylmethacrylate (PMMA). On the
other hand, this method not practical due to hardness in fishing out, PMMA removal afterwards etc.,
thus does not give impressing results [16]. Instead of using conventional PMMA, we have used thick
sacrificial layer of photoresist. By simple drop casting without spinning, the photoresist forms a thick
layer above graphene, preventing fragility and enabling easy fish-out process from the metal-etch
solvent. The resist layer can also can be removed easily by acetone, not requiring extensive high
temperature annealing under hydrogen [17].

2. Experimental
2.1 Materials and methods
Graphene was grown on low pressure chemical vapor deposition (LP-CVD) furnace on 25 μm thick
copper substrate (Alfa Aesar). Temperature of growth was maintained as 1045 °C. 1000 sccm of H 2 gas
was started to flow from the beginning of the procedure and it was stopped after furnace reached room
temperature. Copper was annealed at 1045 °C for 50 minutes under hydrogen and 100 sccm of methane
was flown for 5 seconds. Right after spotting methane supply furnace was started to cool down.
Graphene was transferred according to previously presented facile method [17]. First graphene on
copper was coated with thick layer of Shipley S1200 photoresist (Dow Chemicals) and annealed at 70
°C in an oven for 12 hours. Copper was etched with ammonium persulfate solution (Merck). After few
minutes of copper etching step, bottom layer of copper foil cleaned with dust free wipers and transferred
to fresh persulfate solution. Continuing etching process, graphene samples were washed in deionized
water (DI). Graphene was fished out to previously prepared silicon nitride frames [2]. Progressing the
graphene to frame it was dried at room temperature for 30 minutes and photoresist layer was removed
2
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with acetone. Prior to acetone removal step graphene on frame was baked on hot plate at 90 °C for better
sticking. After complete removal of photoresist layer graphene sample was washed with isopropanol
(IPA). Detailed schematics of facile graphene transfer method refer to SI.
SEM images were obtained with a field emission gun electron microscope at 5.0-15.0 kV and 0.400.58 nA current parameters (FEI Quanta FEG 200, FEI Czech Republic). High-resolution TEM images
were obtained using FEI Technai Osiris instrument at 200 kV. AFM height measurements were done
in Asylum Research MFP-3D model AFM instrument (Oxford Instruments). Height of Pt deposition
was measured at tapping mode with a magnetic tip with nominal k=40 N/m (Budget sensors, ʄ=300 kHz)
at 0.50 Hz scan rate. All images and measurements were obtained at room temperature.
2.2 Pore fabrication and narrowing using Pt EBID
Uniform 10-30 nm sized graphene nanopores were fabricated using FEI FP 2067/30 Focused ion
beam instrument by controlling dwell time, number of passes at 30.0 kV and 9.7 pA. Pores were
narrowed using same instrument; electron beam induced Pt deposition was done at 5.0-15.0 kV and
0.40-0.58 nA current by controlling dwell time and number of passes.

3. Results and Discussion
3.1 Graphene transfer results
For many applications, especially for membrane production graphene needs to be transferred
without tears, wrinkles and preferably clean [2,18]. Graphene samples transferred using new facile
method were without tears, cracks, wrinkles and mostly clean (Figure 1A-C). Freestanding graphene
samples were characterized with SEM. It is seen from the figure that graphene is perfectly standing
without anything odd, expect white dots, which are originated from CVD process [19]. Magnified and
tilted images give better visual information about cleanliness morphology of freestanding graphene
samples. Comparison between samples transferred with new facile method and PMMA is given in SI.
It is obviously seen that new facile based method based on thick photoresist layer yields better results
than conventionally used polymer method. Monolayer graphene was used further for fabrication
purposes. Samples used for FIB pore making and further analysis.
3.2 Pore fabrication and tuning
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Figure 1. (A) SEM image of transferred graphene sample onto SiNx frame, here 5x5 6 μm pores are
fully covered with graphene without any tears. (B) Close look SEM image of one of the pores. (C) 52°
tilted SEM image of single SiNx pore covered with graphene, tilted images provide better information
about morphology of graphene. (D) SEM image of pore perforated graphene with FIB and Pt deposited
at 0.40 nA using 1 μs dwell time and 100 passes to narrow down pores (Pt deposited site is indicated
with Pt). (E-F) Close look SEM image of graphene pores perforated with FIB and tuned with Pt EBID.
(G) High-angle annular dark-field scanning transmission electron microscope image (HAADF-STEM)
of graphene pores opened with FIB and narrowed using Pt EBID. (H) HAADF-STEM image of single
perforated graphene pore tuned with Pt deposition.
Uniform different sized pores ranging from 10-30 nm were fabrication using different dwell time.
Pores were characterized with SEM and after deposition they were recharacterized with HR TEM
(Figure 1D-H). Smallest pores opened were 10-30 nm in diameter, which is limit for Ga+ based FIB [8].
Deposited Pt layer covered the pores providing ability to controlled pore tuning. Initially, random
parameters were chosen to test effect of pore tuning. On cleanly transferred freestanding graphene
sample uniform 30 nm pores were opened, afterwards Pt was deposited. From the images, it is clearly
seen that 30 nm pores almost halved. High-resolution TEM images confirmed pore size decrease.
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3.3 Controlled pore tuning
After observation of pore tuning effect with Pt EBID, we decided to monitor its dependency with
deposition parameters. Uniform 10-30 nm pores were fabricated in Ga+ based FIB and Pt was deposited
using 150, 250, 350, 450 μs dwell time. Pore size reduction was calculated using ImageJ software.
Accordingly, pore radius distribution before and after pore tuning was calculated and plotted in form of
histograms (Figure 2), the number of passes kept constant.

Figure 2. Histograms of pore size distribution before (top) and after Pt EBID tuning (bottom) at different
deposition parameters; (A) Pores tuned using 150 μs and 1 pass, (B) Pores tuned using 250 μs and 1
pass, (C) Pores tuned using 350 μs and 1 pass, (D) Pores tuned using 450 μs and 1 pass.
Depending on Pt electron beam induced deposition parameters the pore size reduction also changed.
Increasing dwell time leads to higher reduction in pore sizes, expectedly. Initially, pores fabricated with
FIB were between 12-16 nm in radius, and after deposition of Pt they reduced to 7-14 nm. The highest
pore size reduction was observed using 350 and 450 μs dwell time during deposition. Pore size reduction
can also be controlled by changing number of passes, however changing this will lead to higher
thickness.

Figure 3. 3D AFM images (top) and height profile (bottom) of graphene pores fabrication with FIB and
tuned using Pt EBID; (A) (A) Pores tuned using 150 μs and 1 pass, (B) Pores tuned using 250 μs and 1
pass, (C) Pores tuned using 350 μs and 1 pass, (D) Pores tuned using 450 μs and 1 pass. Red line indicates
where line profile was obtained and blue square shows Pt deposited area
3.4 Thickness of deposition
Thickness much depends on Pt EBID parameters. Deposited Pt layer thickness was measured using
Atomic force microscope (Figure 3). According to results of AFM measurement, the thickness of Pt
layer varied between 6-13 nm (Figure 4). It is so thin that, it is challenging to distinguish from AFM
images the Pt deposited region. Increasing dwell time and number of passes theoretically leads to
increase in thickness, expectedly. There is almost a linear relationship between height of Pt layer and
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deposition parameters. Doubling dwell time almost doubles the thickness of deposited layer. The same
relationship is observed while changing number of passes. As it is seen form the height profiles of AFM
images, the thickness of Pt layer is not exceeding 15 nm (Figure 4).

Figure 4. Pt layer thickness change with respect increasing dwell time (A) and number of passes (B).
Increasing both parameters thickens the Pt layer expectedly.
Coming to uniformity of the Pt layer, it is mostly uniform but depends on freestanding graphene
morphology. Pt deposition happens on top of graphene and takes graphene shapes. Freestanding
graphene itself has a curvy structure leaning bottom from its center. Any junk or impurity beneath
graphene forms bumps, as it covers the area as a carpet and takes shape of bump. Deposition can be
controlled both using dwell time and number of passes. According to our observations, surface
uniformity mainly depends on graphene morphology and slightly to deposition parameters. Keeping
number of passes constant can form more uniform deposition rather than dwell time (refer to SI). Here
also should be noted there is some minor parameters like pitch size, which has a noticeable effect on
pore size reduction and thickness of deposited layer.

4. Conclusion
These results show that Pt deposition can be used for controlled pore tuning to make pores smaller
than 5 nm. Using proper conditions for Pt deposition and FIB pore fabrication, it is possible to make
uniform pores beneath 5 nm. During graphene pore tuning the thickness of formed layer is not
considered usually. However, this changes properties of graphene especially for membrane applications
[2]. Here we have showed almost 100% pore size reduction using simple and on hand method using
single instrument.
In addition, Pt deposition can be used to cover, close intrinsic tears, defects, holes or which formed
during transfer process. Instead of depositing unknown amorphous carbon in an uncontrolled fashion,
depositing Pt with full control and known negligible height provides more promising results. We hope
this work will change the scope of CVD grown graphene and will open new areas of applications with
extending existing ones.
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