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Abstract 
Adhesive bonding is a major structural joining technique used for both metallic and fiber-
reinforced (FRP) composite structures in the aerospace and automotive industries. Instead of 
mechanical fasteners, which induce stress concentration near the bolting holes (in FRPs 
higher than in isotropic materials), adhesive bonds offer distributed integration of different 
structural parts. Adhesive bonds are particularly inclined by lightweight design due to their 
reduced weight and resistance to corrosion. However, the failure mechanism of an adhesive 
bond in practice can be complex due to various sources of influence, such as the quality of 
adhesives, surface preparation of adherends, process parameters and geometry of the joints, 
etc. Moreover, it is challenging to interrogate over the bonding area due to its sandwiched 
structure. In this study an inkjet-printed carbon nanotube (CNT) strain distribution sensing 
film is embedded at the interface between an adherend and the adhesive in a single-lap joint 
configuration, measuring the in-plane strain distribution over the area during a shear 
loading test. The conductivity distribution reconstructed by an algorithm of electrical 
impedance tomography (EIT) results in similar trend to the strain distribution from the stress 
analysis model. Moreover, the EIT result of a defect-embedded specimen shows a different 
conductivity distribution comparing to a “healthy” one, indicating the existence and 
approximate location of the debonded spot.  

 
1 INTRODUCTION 

Adhesive bonding can rapidly join different machinery parts together even when they are 
from different material classes. Unlike welding or bolting, adhesive bonding allows the 
jointed parts to be exempted from geometry alternation or high heat to preserve their original 
mechanical properties during assembly. Some adhesives possess outstanding mechanical 
strength with a relatively lower self-weight; these are particularly preferred by lightweight-
design structures, such as fiber-reinforced composite (FRP) parts. The bonding strength is 
determined by a number of factors such as the adherend/adhesive properties, bonding surface 
preparation, bonding configuration, and environmental effects (i.e., temperature and 
humidity) [1]. Locations where damages initiate, accumulate and lead to failure also varies 
from case to case. The failing criterion of an adhesive bond is thus difficult to be 
standardized. A number of studies have modeled failure modes of adhesive bonds based on 
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stress analysis or finite-element analysis, but there lacks field data to verify a model’s 
accuracy. It is therefore mostly desired to assess the bonding strength in situ for studying its 
damage-to-failure mechanism. 

Assessment of an adhesive bond are mostly performed via nondestructive evaluation 
(NDE) techniques, including ultrasonic scanning, X-ray inspection and thermographic 
inspection, to name a few [2, 3]. Ultrasonic C-scan remains the most popular way to assess 
an adhesive’s bonding strength, especially for lightweight structures (i.e., the Fokker bond 
tester) due to its effectiveness toward detecting multiple types of adhesive defects and its ease 
of application [4, 5]. An ultrasonic wave sent by a piezoelectric transducer travels through the 
material of a structure, getting reflected back every time it meets a material-to-material 
interface lying along its path. Therefore porosity, surface contamination, and interfacial 
disbonding can be primarily observed and located. However, it is not as effective when being 
applied upon composite joints due to the heterogeneous composition of the adherends. 
Moreover, this technique can only be applied as an off-line inspection, which is hard to 
capture a defect’s growth due to loading. Emerging structural health monitoring technique 
allows in situ monitoring of an adhesive’s shear strains developed under a single-lap joint 
configuration by embedding fibre-optical sensors within the adhesive. Sulejmani et al [6] 
reported of embedding three butterfly-shaped, microstructured optical fiber Bragg grating 
sensors within a single-lap joint’s adhesive to monitor the shear stress developed under cyclic 
tensile load. The result is in agreement with the stress analysis model of Goland–Reissner 
theory at the points along the path of senor installment. In addition, the sensor is able to 
identify the moment disbonding start to develop, providing early signs of bonding strength 
deterioration. 

This study proposed an alternative approach to reconstruct the in-plane strain distribution 
over the adherend/adhesive interface through inserting an inkjet-printed carbon nanotube 
(CNT) thin film. CNTs as nanoscale fillers can be assembled by water-soluble polymers into 
nanocomposite thin sheets whose electrical property changes in tandem with the applied 
strain or stress [7-10]. Loh et al [10] has fabricated CNT-polyelectrolyte thin film via the 
layer-by-layer (LbL) method to be used as a point-based strain gage, or as an impact damage 
sensor when combined with the electrical impedance tomography (EIT) algorithm [11]. By 
attaching electrodes along its boundary, an EIT-coupled CNT thin film is able to reconstruct 
conductivity changes due to applied impact damages over the area under its coverage, 
making itself a 2D damage-mapping sensor. Loyola et al [12] has further extended the 
technique to GFRP impact damage sensing by embedding a layer of sprayed CNT-PVDF thin 
film between plies of glass fibers. Many researches are now interested in applying the thin 
film as a strain distribution sensor, which is desired for in situ monitoring of the global 
behavior of a structure due to damages. In this case the sensor is required to be fabricated 
with a precise control of thickness, uniform morphology, and higher sensitivity to strain, 
where thin films fabricated via aforementioned techniques are not quite satisfactory.  

In this study a CNT thin film is deposited onto a glossy photo paper using a commercial 
inkjet-printer. Inkjet-printing offers precise control of the deposited layer’s pattern and 
thickness without expensive micro-fabrication procedure [13, 14]. Previous works on inkjet-
printing carbon nanotubes have shown many possibilities to pattern continuous electrical path 
using CNT-suspended ink with different kinds of inkjet printers [15-17]. The electrical 
conductivity of the printed pattern can be either tuned by the printing ink’s CNT 
concentration, or by layers of print to be deposited. In this study a multi-walled carbon 
nanotube-suspended Pluronic solution is prepared as the ink, and silver nanoparticle-
suspended ink is also deposited as electrodes to eliminate the time for wiring. The printed 
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CNT thin film is applied as a strain distribution sensor using the EIT algorithm to inspect the 
shear strength of a single-lap joint configuration. A primary sensor validation test performed 
by Zhao et al [18] shows that an inkjet-printed CNT-Pluoronic thin film is able to detect the 
uniform distribution of strains over a tensile test coupon. In the current study, a primary 
single-lap joint shear test is conducted to verify if the sensor is able to detect shear strain-
induced in-plane tensile strains over the adhesive/adherend interface.  

2 THE STRESS AND STRAIN IN A SINGLE-LAP JOINT 

A single-lap joint configuration is shown in Figure 1. When a tensile force F is applied to 
the slabs as seen in the picture, a shear stress is developed at the adhesive/adherend interface 
with a non-uniform distribution over the affected area. A mean value of the shear stress, km, 
can be derived as  

 

 �陳 =  庁鎮� (1) 
 

where l and b are the length and width of adhesive/adherend overlapping area, respectively. 
The bending moment caused by misalignment of the tensile force is neglected in this case. 
The distributed shear stress can then be represented as [19] 
 

 � =  罫� = 罫 通岫�岻�  (2) 
 

where G is the shear modulus of the adhesive, q is the adhesive thickness, and u(x) is the 
relative adherend displacement due to shear strain γ. This displacement causes unevenly 
distributed strains ε1 and ε2 on both sides of the adhesive/adherend interface 
 

 憲岫�岻 = 憲岫ど岻 + ∫ �怠岫�岻���待 − ∫ �態岫�岻���待  (3) 
 

Equation (3) can be solved by applying boundary conditions; Equation (2) can thus be 

 
Figure 1. The schematic illustration of a single-lap joint configuration, and the shear 
stress distribution diagram over the adhesive/adherend interface. 
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rewritten as  
 

 � = �陳 弔鎮��s辿樽竪 岫�鎮岻 岾c誰s竪 岫λx岻帳迭痛迭 + c誰s竪 岫�岫鎮−�岻岻帳鉄痛鉄 峇 (4) 
  � = √�怠建怠 + �態建態�怠建怠�態建態 (罫�) 

 

where E1, E2 are the elastic moduli of both adherends and t1, t2 are their thicknesses.  The 
shear stress distribution diagram in Figure 1 plots Equation (4) by using typical material 
properties to illustrate the shear stress distribution with respect to the adhesive length, as seen 
in literature. The in-plane strain developed at the adhesive/adherend interface in the loading 
direction, i.e., ε1, is a result of the direct stress j1 (i.e., j1= E1 ε1), which is in equilibrium with 
the shear stress k by means of [19] 
 

 � = −建怠 ��な岫�岻��  (5) 
 

The in-plane strain can therefore be derived as  
 

 �怠 =  怠帳迭痛迭 ∫ �岫�岻���鎮  (6) 
 

Combing Equation (4) and (6), ε1 can be solved as 
 

 �怠 = �怠岫ど岻 弔��鉄s辿樽竪岫�鎮岻 岾s辿樽竪岫��岻−s辿樽竪岫�鎮岻帳迭痛迭 − s辿樽竪 岫�岫鎮−�岻岻帳鉄痛鉄 峇 (7) 
  

 �怠岫ど岻 = ��鎮帳迭痛迭 
 

In this study a CNT strain sensor is printed upon glossy photo paper, which is then cut into 
long strips and joined with adhesive over the thin film coverage area to resemble the 
configuration shown in Figure 1. A single-lap shear test is performed over the joined photo 
paper specimen, where the CNT strain sensor is directly deposited. This is to avoid 
introducing additional layers between the adhesive and adherend due to sensor embedment. 
The details of the experimental setup will be discussed in the following sections. 
 
3 ELECTRICAL IMPEDANCE TOMOGRAPHY 

An EIT algorithm is able to reconstruct a conductive body’s conductivity distribution 
through electrical responses at its boundary. For a conductive 2D geometry, the Laplace's 
equation states that the sum of the current density distribution over the body is zero when no 
internal current source is present, e.g., 

 

 ∇ ∙ �∇� = ど (8) 
 

where � is the spatial conductivity, and ∇� is the electrical field over the area [20]. If a 
current is injected at the boundary and passes to another, the conductivity distribution over 
the body can yield a unique boundary voltage response, which can be measured at discrete 
points (electrodes) along its boundary. Recovering the conductivity distribution from 
boundary voltage measurements is therefore an inverse problem that is usually challenging to 
be solved directly; instead a least-square fit estimation is usually adopted for solving the 
problem numerically. The solution can be calculated by a finite element analysis (FEA)-
based iterative estimation, which can be computationally expensive and time-consuming. In 
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this study, a one-step, linear least-squares fit solver is used to calculate the contrast change of 

the conductivity distribution 
Δ��o,   

 

 
���o = 岫茎��茎 + ��岻−怠茎�� ���o  (9) 

where �o and Vo are the spatial conductivity and boundary voltage response of the area under 

''healthy'' condition, H is the linear mapping matrix between 
Δ��o and 

Δ��o , W is the weighing 

matrix usually calculated as the covariance of data, R is the regularization matrix, and α is the 
hyperparameter controlling the degree of regularization to be adapted. It is derived based on 
the knowledge of the maximized a posteriori probability distribution of the signals, therefore 
W, R, and α are majorly determined based on the statistical quality of data collected (as well 
as the number of finite elements used), as discussed more in details in Adler et al [21]. In this 
study a 25 × 25 mm MWNT thin film is inkjet-printed with four equidistant electrodes 
printed per side at its boundaries for current injection/voltage measurement. More details of 
the data acquisition system developed for this strain sensor to collect EIT voltage 
measurement can be found in Gschossmann et al [22]. The orientation of the sensor with 
respect to single-lap joint shear test will be discussed in the following sections. 

4 EXPERIMENTAL DETAILS 

4.1 Inkjet-print CNT strain distribution sensors  

A CNT-suspended inkjet-printing ink is first prepared. Multi-walled carbon nanotubes 
(Sigma-Aldrich Inc.) were mixed with 2 wt.% Pluronic F-127 solution, subjected to a 0.5-s 
on, 0.5-s off tip sonication (30% power, Bandelin Sonopuls HD3200) for one hour. To 
improve the adhesion between polymer molecules and CNTs, approximately 2.5 wt.% N-
Methyl-2-pyrrolidone (NMP) was added into the mixture before sonication. The carbon 
nanotube content of the final solution shall remain below 3.5 mg/mL to avoid nozzle 
clogging. The sonicated solution was then centrifuged twice under 3000 rpm for half an hour, 
and the supernatant was collected as the ink. This step is not just to remove large CNT 
agglomerations that were not separated apart during sonication, but also to help filtering out 
the metal impurities from the CNT powder [23]. The ink was then ready to be used after two 
times of filtration with 1.2-μm PTFE filtering membranes.  

CNT thin films are printed on Sigel glossy photo paper using Epson xp325 inkjet printer, 
and the layout was designed via commercial CAD software. A thin film sensor consists of 
three printing layers for improved electrical conductivity. There are 16 electrodes printed 
along the boundary of each CNT sensor with silver-nanoparticle ink purchased from 
Mitsubishi. These electrodes are highly conductive traces (i.e., with a conductivity of 6.8 
×106 S-m-1) whose impedance would not significantly influence the boundary voltage 
measurement. Two 8-pin flat flexible connectors are used to wire a sensor to the data 
acquisition device, as seen in Figure 2(a) and Figure 2(b). 

4.2 EIT data acquisition system 

The boundary voltage measurements are taken by using an HBM QuantumX data 
acquisition system with a single channel voltmeter (±10V). Two 16-to-1 CMOS switches are 
used to switch between different pairs of electrodes for current injection and voltage 
measurement. The across injection pattern is used in this study to inject current from one 
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electrode to its opposite side, and voltage measurements are taken between all possible pairs 
of neighboring electrodes. All the voltage measurement data are then processed by EIDORS, 
the MATLAB-based, open source EIT reconstruction algorithm.  

4.3 Single-lap joint shear strength test 

Two specimens were prepared for the single-lap shear strength test, as one of them is 
prepared with manufacturing defect. As seen in Figure 2(a), the defect is created by adding a 
piece of Teflon paper between the thin film and the adhesive, thereby introducing a 
disbonded spot under shear stress. To make a specimen, the photo paper with CNT strain 
distribution sensor printed was first cut into a 25×100 mm stripe with the sensor positioned at 
one end. Another 25×100 mm piece of photo paper (without the sensor) was also cut and 

  
(a) (b) 

Figure 2. (a) The adherend stripe cut from a photo glossy paper is shown with the CNT 
strain sensor printed on one end. A piece of Teflon paper is positioned on the left side of 
the sensor to resemble a disbonding spot. (b) A single-lap joint specimen.  

 

 
Figure 3. Distribution of the in-plane tensile strains developed over the adhesive-
/adherend interface. 
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glued over the CNT sensor with HBM Z70 cold-curing adhesive. An EIT boundary voltage 
measurement was taken at this moment to be the baseline measurement. A constant tensile 
load was then applied by hanging a weight of 37.14 N to one end of the specimen, as the 
other end was fixed over the hanger. When the weight stopped swinging (approximately 30 
min after attaching the weight), a boundary voltage measurement was taken. The same test 
was carried out on both specimens, and their EIT reconstruction results are presented in the 
following chapter.  

 5 RESULTS AND DISCUSSION 

Before running the tensile test, Equation (7) is plotted with respect to the length ratio of 
the adhesive with material properties of the photo paper and the adhesive, as seen in Figure 3. 
It should be noted that both properties are not provided by their manufacturers; therefore they 
are estimated based on data of similar materials. The plot suggests that under equilibrium 
condition, the in-plane strains due to shear effect over the adherend’s interface decay from a 
maximum tensile strain to zero at the free end (i.e., from x = 0 to x = l). The bending effect is 
minor and therefore neglected in this study due to the small thickness of the specimen.  

Figure 4(a)-(b) shows the reconstruction result of both specimens. Both pictures 

  
(a) (b) 

  
(c) (d) 

Figure 4. EIT reconstruction results of (a),(c) the “healthy” specimen, and (b),(d) the 
debonded specimen. Results in (c) and (d) are the difference in contrast of (a) and (b), 
respectively. 
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demonstrate that only tensile strains are over the adhesive/adherend interface. Although the 
scale bars of both contrast maps are not correlated to the actual strains, it shows that the 
specimen with embedded defect (e.g., specimen D) overall has a higher value of contrast than 
the “healthy” specimen (e.g., specimen H), suggesting that the overall strain distribution is 
higher in magnitude on specimen D than on specimen H. It is possibly because the disbonded 
area in specimen D is not as effective in load transfer, developing larger shear strains over the 
reamaining bonded area; as a result, the tensile strains over the interface also have increased 
due to the increased shear strains. 

In order to enhance the contrast display of the EIT results, Figure 4(c)-(d) plot only the 
differences among the reconstructed data presented in Figure 4(a)-(b). The data point with the 
lowest magnitude (i.e., the data point with the minimum absolute value) per plot from the 
EIT contrast data is first found, and it is subtracted from every data point. This is to “cut-off” 
the common magnitude of the reconstructed data to enhance the visualization of differences 
among all data points. Both Figure 4(c) and Figure 4(d) have demonstrated that the contrast 
over the interface varies from zero to a maximum value along the length of the adhesive, 
similar to the strain distribution presented in Figure 3, although the reconstructed contrast 
values near the free end are not zero. This is possibly due to the linear reconstruction 
algorithm’s over-smoothing effect, turning the sharp decline of strains near the free end to a 
moderate linear downslope. Moreover, the conductivity variations between two specimens 
are slightly different. The variation of specimen H has a contour line with a bell shape instead 
of a linear line; its nearly symmetric feature indicates that the bell-shaped conductivity map 
might come from the Poisson’s effect, which usually affects parts along the free edges of a 
tensile coupon more than those in the middle. The bell-shaped conductivity distribution does 
not take place over specimen D though, for which the conductivity distribution around the 
additionally debonded region are only higher than its symmetric side, as seen in Figure 4(d). 
It also remains unclear at this moment why the reconstructed conductivit y map is in reversed 
direction comparing to its loading orientation. Although the exact shape and location of the 
debonding region are not able to be reconstructed, the conductivity map in Figure 4(d) is still 
considered to be effective in indicating a damage’s existence and approximate location (i.e., 
on the left side of the adhesive interface). It is also possible to quantify the severity of 
debonding by comparing the magnitude of the overall conductivity change to that of a 
“healthy” structure and correlate to the actual strain level. Furthermore, a conventional, 
iterative-approach EIT algorithm may be able to reconstruct the map with more accurate 
damage location, as the result in Figure 4(c)-(d) may be caused by the over-smoothing effect 
of the regularization terms.   

6 CONCLUSIONS 

An inkjet-printed carbon nanotube strain distribution thin film is applied between the 
adhesive/adherend interface to inspect the shear strain of a single-lap joint. Through coupling 
with electrical impedance tomography, the embedded carbon nanotube thin film is able to 
reconstruct the conductivity change over the interface that can be correlated to the planar 
tensile strain distribution. Moreover, the conductivity reconstruction is able to indicate the 
existence and the approximate location of a single debonded spot. Future research will focus 
on developing the constitutional relation between the thin film’s conductivity and the strain 
distribution to perform in situ assessment of the bonding conditions. 



9 
 

ACKNOWLEDGEMENT 

The financial support by the Austrian Federal Ministry of Science, Research and Economy 
and the National Foundation for Research, Technology and Development is gratefully 
acknowledged. The authors would like to express their sincere appreciation to Sabine Hild 
from the Institute of Polymer Science of Johannes Kepler University Linz for providing 
laboratory spaces and equipment. Christoph Beisteiner and Sandra Gschossmann are greatly 
appreciated for their assistance in inkjet-printing the sensor and setting up the DAQ system. 

REFERENCES  

 
[1] M. Banea, L.F. da Silva, Adhesively bonded joints in composite materials: an 

overview. Proceedings of the Institution of Mechanical Engineers, Part L: Journal of 
Materials Design and Applications. 223(1): p. 1-18, 2009. 

[2] R. Adams, B. Drinkwater, Nondestructive testing of adhesively-bonded joints. NDT 
& E International. 30(2): p. 93-98, 1997. 

[3] S. Yang, L. Gu, R.F. Gibson, Nondestructive detection of weak joints in adhesively 
bonded composite structures. Composite Structures. 51(1): p. 63-71, 2001. 

[4] A. Higgins, Adhesive bonding of aircraft structures. International Journal of 
Adhesion and Adhesives. 20(5): p. 367-376, 2000. 

[5] M. Todd, F. Lanza di Scalea, A. Srivastava, T. Fasel, I. Bartoli, In-Situ Adhesive 
Bond Assessment. (2010), DTIC Document. 

[6] S. Sulejmani, C. Sonnenfeld, T. Geernaert, G. Luyckx, P. Mergo, W. Urbanczyk, K. 
Chah, H. Thienpont, F. Berghmans, Disbond monitoring in adhesive joints using 
shear stress optical fiber sensors. Smart Materials and Structures. 23(7): p. 075006, 
2014. 

[7] D.J. Lipomi, M. Vosgueritchian, B.C. Tee, S.L. Hellstrom, J.A. Lee, C.H. Fox, Z. 
Bao, Skin-like pressure and strain sensors based on transparent elastic films of carbon 
nanotubes. Nature nanotechnology. 6(12): p. 788-792, 2011. 

[8] L. Schadler, S. Giannaris, P. Ajayan, Load transfer in carbon nanotube epoxy 
composites. Applied physics letters. 73(26): p. 3842-3844, 1998. 

[9] P. Dharap, Z. Li, S. Nagarajaiah, E. Barrera, Nanotube film based on single-wall 
carbon nanotubes for strain sensing. Nanotechnology. 15(3): p. 379, 2004. 

[10] K.J. Loh, J.P. Lynch, B. Shim, N. Kotov, Tailoring piezoresistive sensitivity of 
multilayer carbon nanotube composite strain sensors. Journal of Intelligent Material 
Systems and Structures. 19(7): p. 747-764, 2008. 

[11] K.J. Loh, T.-C. Hou, J.P. Lynch, N.A. Kotov, Carbon nanotube sensing skins for 
spatial strain and impact damage identification. Journal of Nondestructive Evaluation. 
28(1): p. 9-25, 2009. 

[12] B.R. Loyola, T.M. Briggs, L. Arronche, K.J. Loh, V. La Saponara, G. O’Bryan, J.L. 
Skinner, Detection of spatially distributed damage in fiber-reinforced polymer 
composites. Structural Health Monitoring. 12(3): p. 225-239, 2013. 

[13] S.H. Ko, H. Pan, C.P. Grigoropoulos, C.K. Luscombe, J.M. Fréchet, D. Poulikakos, 
All-inkjet-printed flexible electronics fabrication on a polymer substrate by low-
temperature high-resolution selective laser sintering of metal nanoparticles. 
Nanotechnology. 18(34): p. 345202, 2007. 

[14] C. Beisteiner, R. Wallner, B.G. Zagar. Electrical characterization of inkjet printed 
conductive traces using LinuxCNC. in Instrumentation and Measurement Technology 



10 
 

Conference (I2MTC), 2015 IEEE International. 2015. IEEE. 
[15] S. Azoubel, S. Shemesh, S. Magdassi, Flexible electroluminescent device with inkjet-

printed carbon nanotube electrodes. Nanotechnology. 23(34): p. 344003, 2012. 
[16] K. Kordás, T. Mustonen, G. Tóth, H. Jantunen, M. Lajunen, C. Soldano, S. Talapatra, 

S. Kar, R. Vajtai, P.M. Ajayan, Inkjet printing of electrically conductive patterns of 
carbon nanotubes. Small. 2(8‐9): p. 1021-1025, 2006. 

[17] R.P. Tortorich, J.-W. Choi, Inkjet printing of carbon nanotubes. Nanomaterials. 3(3): 
p. 453-468, 2013. 

[18] Y. Zhao, C. Beisteiner, S. Gschossmann, M. Schagerl, An inkjet-printed carbon 
nanotube strain distribution sensor for quasi real-time strain monitoring of lightweight 
design materials. Advances in Science and Technology. 97, 2016. (submitted) 

[19] B. Klein, Leichtbau-Konstruktion. Springer(2011). 
[20] D.S. Holder, Electrical impedance tomography: methods, history and applications. 

CRC Press(2004). 
[21] A. Adler, R. Guardo, Electrical impedance tomography: regularized imaging and 

contrast detection. Medical Imaging, IEEE Transactions on. 15(2): p. 170-179, 1996. 
[22] S. Gschossmann, Y. Zhao, M. Schagerl, Development of data acquisition devices for 

electrical impedance tomography of composite materials, in 17th European 
Conference on Composite Materials. (2016): Munich, Germany. (submitted) 

[23] R. Shvartzman-Cohen, E. Nativ-Roth, E. Baskaran, Y. Levi-Kalisman, I. Szleifer, R. 
Yerushalmi-Rozen, Selective dispersion of single-walled carbon nanotubes in the 
presence of polymers: the role of molecular and colloidal length scales. Journal of the 
American Chemical Society. 126(45): p. 14850-14857, 2004. 

 


