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YŜȅ ǿƻǊŘ ƭƛǎǘ 
 
Structural health monitoring, damage detection, strain monitoring, electrical resistance 

tomography, sensing skin, conductive paint, inverse problems 

 
 

5ŜŦƛƴƛǘƛƻƴǎΣ ŀŎǊƻƴȅƳǎ ŀƴŘ ǎȅƳōƻƭǎ 
  

Acronyms Definitions 

EIT/ERT Electrical impedance tomography / Electrical resistance tomography 

FE Finite element 

FEM Finite element method 

NLςPDPS Non-linear primalςdual proximal splitting 

RGN Relaxed inexact proximal Gauss-Newton 

SHM Structural health monitoring 

TV Total variation 

UEF University of Eastern Finland 

  

Symbols Definitions 

ὃ„ Regularization functional 

Ὤ„ FEM-based forward model of ERT 

I Vector consisting of measured electric current data 

ὍҚ Electric current through the Қth electrode 

ὩҚ Surface of Қth electrode 

L  Number of the electrodes 

ὒ Weighting matrix 

n  Outward unit normal 

ὶȇ Spatial coordinate vector 

s Electric conductivity 

„  Reference conductivity, or conductivity at the initial state  

u  Electric potential 

ὟҚ Electric potential on the Қth electrode 

w Step length parameter in RGN algorithm 

  Computational domain 

ᾀҚ Contact impedance of the Қth electrode 
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1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 General context  

One of the main goals of S4CE is the assessment of environmental risks in geo-energy sub-

surface operations such as carbon capture and sequestration (CCS), production of 

unconventional hydrocarbons, and enhanced geothermal energy (EGT) production. Among 

these risks are those caused by fugitive emissions of fluids from subsurface. Because 

practically all geo-energy operations use structures made of concrete and steel, the possible 

emission risks are directly linked to durability of these materials and structures, both in 

operating and abandoned wells. 

The S4CE work package 6, Implementation of Novel Technologies, is dedicated on developing 

and testing new instruments for monitoring the wells used in geo-energy operations. This 

deliverable, D6.2 ς Proof of concept laboratory demonstration of EIT based sensing skin for 

well cap structures reports the actions and results of Task 6.2 in WP6 ς Development of 

sensing skin for geo-energy applications. In this task, the special focus is on monitoring the 

integrity of concrete structures in wells used in geo-energy operations. 

The novel tool developed in this research is the sensing skin, which uses electrically 

conductive paint applied on the surface of a solid structure to monitor the health of the 

structure. The electrical conductivity of the paint is imaged using a tomographic technique 

referred to as electrical resistance tomography (ERT). If successful, the sensing skin will give 

valuable information on the integrity of the structure ς revealing, e.g., surface breaking cracks 

and other damages on the structure. 

While this deliverable describes the laboratory development and testing of the sensing skin 

technique, its field site implementation will be reported in the upcoming deliverables D7.4 

and D7.7 of WP7. 

1.2 Deliverable objectives 

This deliverable and associated Task 6.2 Development of sensing skin for geo-energy 

applications focus on testing the sensing skin technique in laboratory studies, as well as 

developing the computational methods required for the image reconstruction in practical 

applications. 

Electrical sensing skin is a versatile tool, which is capable of imaging cracks and other damages 

on solid surfaces (Hallaji, 2014), presence of Chloride ions (Seppänen, 2017) and temperature 

distributions (Rashetnia, 2017). In addition, similar techniques have also been shown to be 

sensitive to change in the pH on the surface (Hou, 2007) and on the strain of the material 

(Tallman 2017). Many of these monitoring possibilities could potentially be used also in geo-

energy applications, such as: rapid detection of cracks in concrete structures of geothermal 
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wells, or detecting CO2 leakages ς high concentration of CO2 on a surface decreases the pH, 

and thus could potentially be detected with an electric surface sensing system. 

To identify the most promising applications of the sensing skin in the geo-energy field, UEF 

discussed with field site partners and other industrial representatives. Based on these 

discussions, and on the S4CE Advisory boardΩǎ recommendation in late 2018, an emphasis was 

put on developing a technique which could provide information on the well bore integrity. A 

potential method for monitoring the well bore integrity could be one based on imaging strains 

on surfaces of the metallic casings ς the casings undergo thermal expansions during the 

operations, and if the concrete structures around/between the casings fail, the induced 

strains can cause permanent damage to the casings. For this reason, in addition to considering 

crack detection applications, we studied whether painted sensing skins could also be used for 

monitoring of spatially distributed strains on solid surfaces. 

The specific objectives of this deliverable ς all addressed in Section 3 ς are thus: 

¶ Laboratory testing of the painted sensing skins in laboratory conditions. The purpose 

of these experiments was to study the effects of different geometries, electrode 

setups and paint materials on the reconstructions. 

¶ To develop the computational methods used in the image reconstruction so that the 

sensing skin can be applied to surfaces of arbitrary (non-planar) shapes. Previously, 

only inaccurate two-dimensional models have been used even for non-planar sensing 

skins. 

¶ Development of the stretchable sensing skin for distributed strain monitoring. 

¶ Speeding up the image reconstruction in ERT via development of computational 

methods. This is an important aspect, because before this work, the computation 

times needed for accurate image reconstruction were too long for online monitoring 

applications ς especially in sensing skins applied to large scale structures. 

2 aŜǘƘƻŘƻƭƻƎƛŎŀƭ ŀǇǇǊƻŀŎƘ 

A sensing skin consists of a thin layer of electrically conductive paint which is applied on the 

surface of a solid structure. The electrical conductivity of the paint layer is monitored by an 

electrical imaging technique, electrical resistance tomography (ERT, described briefly below). 

As ERT is capable of imaging the spatial distribution of the electrical conductivity on the paint 

layer, it can be used for inferring physical/chemical conditions on the surface. For example, 

when applied to a surface of a concrete structure; if the concrete cracks, the paint layer 

ruptures and the local decrease in conductivity will be detected. Recent studies have shown 

that, in addition to monitoring cracks (Hallaji, 2014), sensing skins can be used for detecting 

the presence of Chloride ions (Seppänen, 2017) and imaging 2D temperature distributions 

(Rashetnia, 2017). 
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Figure 1 illustrates a typical measurement setup in ERT: A set of electrodes is attached on the 

surface of the object, and using the electrodes, a set of current injections and potential 

measurements are carried out sequentially. Each set of measurements is then used for 

reconstructing the conductivity distribution within the target. This image reconstruction 

problem is mathematically an ill-posed inverse problem ς meaning that its classical solutions 

are non-unique and highly intolerant to measurement noise and modeling errors; hence 

reconstructing the conductivity requires special computational methods (Kaipio 2006). 

 

 
Figure 1: Schematic illustration of a typical measurement setup in ERT. Electric currents (I) are injected through electrodes 
attached on the perimeter of the object, and voltages (V) between electrodes are measured. 

Here, it is worth noticing that our measurement setup has a few properties that differ from a 

conventional ERT setup: 

¶ While in other applications of ERT electrodes are attached on the surface so that they 

are in Ohmic contact with the material/structure of interest, in the sensing skin 

applications, the electrodes are not in contact with the solid structure of interest. 

Instead, the sensing skin (i.e., the layer of paint) is applied on a surface of an 

electrically resistive material ς such as surface-dry concrete ς and the electrodes are 

only in contact with the sensing skin. If the substrate is conductive ς for example, when 

monitoring the surface of a steel pipe or wet concrete ς the surface needs to be 

insulated by a non-conductive paint before applying the conductive paint layer. 

¶ For this reason, while practically all other applications aim at reconstructing the three-

dimensionally distributed conductivity within the object of interest, in the sensing skin 

application, the thickness of the sensing skin is only in the order of micrometres, and 

the imaging problem is essentially two-dimensional. 

¶ Although in the schematic pictures in Figure 1, electrodes are attached only in the 

perimeter of the two-dimensional target, the sensing skin application allows also the 

use of internal electrodes, i.e. electrodes that are attached inside the area of interest. 

Because the use of internal electrodes improves the resolution of ERT (Rashetnia 

2018), they were used in most of the experiments in this project. 
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¶ Instead of using current injections and potential measurements, we are using a set of 

potential excitations and current measurements. This minor difference is due to the 

properties of the commercial ERT device purchased for the project. In fact, this feature 

improves the signal-to-noise-ratio of the measurements, since all ERT measurement 

systems are limited by the maximum potential that can be applied to an electrode. 

The most accurate model for the measurements in ERT, referred to as complete electrode 

model, is of the form (Cheng 1989) 

 
 ẗ„ό πȟ ὶȇɴ  (1) 

 ό ᾀҚ„ ȇ
ὟҚȟ ὶȇɴὩҚȟҚ ρȟςȟȢȢȢȟὒ (2) 

 „
ȇ
πȟ ὶȇɴ ẕ͵ ὩҚҚ  (3) 

 ᷿„
ȇҚ
ὨὛ ὍҚȟ ὶȇɴὩҚȟҚ ρȟςȟȢȢȢȟὒ (4) 

 
where s is the electric conductivity, u is the electric potential, n  is the outward unit normal, 

ὟҚ , ὍҚ and  ᾀҚ, respectively, are the potential, current and contact impedance corresponding 

to electrode ὩҚ, and L  is the number of the electrodes. 

 

The image reconstruction is written in the form of a regularized least-squares problem 

 
„ ÁÒÇÍÉÎᴁὒ Ὅ Ὤ„ ᴁ ὃ„            (5) 

 
where I is a vector consisting of the measured electric current data,  Ὤ„ is a computational 

model which maps the electrical conductivity „ to boundary currents. Here, model Ὤ„ is 

constructed by finite element (FE) approximation of the model (1-4); for details of ERT-FEM, 

see (Vauhkonen, 1999). Further, ὒ is a weighting matrix related to the noise level and ὃ„ 

is the so-called regularization functional which can be used for promoting a priori known 

features in the solution. Finally, the constraints of the optimization problem ( π „ „ ) 

are based on the fact that conductivity is a non-negative quantity, and on the assumption that 

the conductivity of the sensing skin does not increase from the initial conductivity  „ . This 

is a valid assumption in cases where sensing skins are used for imaging cracks. In the case of 

strain imaging, conductivity changes can be positive (local compression) or negative (tension). 

Note that the initial conductivity „  can be estimated on the basis of ERT measurements 

taken once the sensing skin is installed ς i.e., before cracks or strains emerge on the surface. 

Figure 2 illustrates the FE meshes used in the modelling (i.e., constructing the forward 

mapping Ὤ„) corresponding to three geometries. One of the FE meshes corresponds to a 

planar sensing skin geometry with internal electrodes, and the other two meshes correspond 

to non-planar geometries. 
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Figure 2: Finite element meshes used in the computational modelling of the ERT measurements with sensing skins. The red 
lines indicate the locations of electrodes. A 2D geometry with twenty electrodes on the perimeter, and four internal electrodes 
(left), and 3D geometries: sensing skin applied on five sides of a cube (middle) and on the surface of a pipe (right). 

To test the sensing skins experimentally, a 32-channel electrical tomography system was 

purchased from Rocsole Ldt (www.rocsole.com). This device was used in all the experiments 

described in Section 3. Figure 3 shows the measurement system and a measurement setup, 

where a sensing skin is painted on a solid substrate. 

  
Figure 3: ERT measurement system (manufactured by Rocsole Ltd) used in the experiments (left), and a painted sensing skin 
applied on a substrate (right). 

3 {ǳƳƳŀǊȅ ƻŦ ŀŎǘƛǾƛǘƛŜǎ ŀƴŘ ǊŜǎŜŀǊŎƘ ŦƛƴŘƛƴƎǎ 

This section summarizes the research activities and the results of laboratory testing of the 

sensing skin. Sections 3.1 and 3.2 consider crack detection applications in different 

geometries, and Section 3.3 focuses on strain imaging. Finally, Section 3.4 describes the 

development of computational methods for image reconstruction. 

3.1 Painted sensing skins in crack detection, planar geometries 

In the first experimental tests, a sensing skin was applied on a plexiglass. The sensing skin was 

made of commercially available graphite paint that was spray-painted on the plexiglass. 

Thirty-two electrodes were attached on the sensing skin; four of them were internal 
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electrodes. The electrodes were connected to the thirty-two channels of the ERT 

measurement system, and they were all used in the measurements. 

The cracks were made on the sensing skin synthetically by scratching the paint with a knife. A 

total of six stages of cracking were created. Figure 4 (top two rows) shows the evolution of 

the crack pattern during the experiment. The thick black lines indicate the locations of the 

cracks. Note that these lines are drawn on the photographs; the actual cracks were extremely 

thin, and barely noticeable visually. 

Figure 4 (bottom two rows) also shows the ERT-based, reconstructed conductivity 

distributions corresponding to all six stages of cracking. The reconstructed images are in a 

very good agreement with the photographs showing the actual crack patterns. Although ERT 

is not generally a high-resolution imaging modality, in this application, the accuracy is 

adequate for localizing all the cracks on the surface.  

The resolution of the reconstructions is higher than in our previous publications (Hallaji, 2014; 

Seppänen, 2017); the main reason for this improvement is the use of the new computational 

methods (non-smooth TV regularization, see Section 3.4). The measurement data from these 

experiments was used for testing the computational methods that aimed, not only to 

improving the resolution, but also to speeding up the reconstructions. Moreover, encouraged 

by the results with the graphite paint in planar geometries, the same measurement system 

was further used in the experiments in the non-planar geometries. 
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Figure 4: The top two rows show photographs of a sensing skin applied on plexi-glass. Six stages of cracking are marked in 
the photos with with black lines. The two bottom rows illustrate the ERT-based reconstructions corresponding to six stages 
of cracking. 

3.2 Non-planar (3D) sensing skins 

To extend the sensing skin technique to non-planar geometries, which are often present in 

real applications, the computational model was reformulated. That is, the FE approximation 

of the model (1τ4) was rewritten so that the computational domain   follows the surface of 

an arbitrarily shaped object. Figure 2 shows two such non-planar geometries. 

The non-planar sensing skins were tested both with numerical simulations and 

experimentally. Figure 5 shows the results of one simulation study. Here the surface of a 

curved pipe was assumed to be covered by conductive paint, and a synthetic crack was 

simulated on it (Figure 5, left). The reconstructed image of the conductivity (Figure 5, right) 

indicates the location of the crack with very good accuracy. 
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Figure 5: Numerical test of the non-planar (3D) sensing skin. Left: True conductivity distribution of a sensing skin on the 
cracked surface of a curved pipe. Right: EIT-based reconstruction of the conductivity. 

For the experimental study, a graphite-based sensing skin was painted on the outer surface 

of a plastic box (Figure 6, left column). Five sides of the box were painted, and thirty-two 

electrodes were placed on it. Again, cracks were made on the sensing skin synthetically by 

scratching the paint. Four stages of cracking were considered. The segments of cracks 

scratched between different stages are highlighted with different colours in the photographs 

of Figure 6 (first crack is drawn with red colour, the second with blue; the third and fourth 

crack are marked with yellow and green colour, respectively). Note that the last two cracks 

were on different side of the cube than the first two cracks. 

Figure 6 (two rightmost columns) also shows the reconstructions of the electrical conductivity 

corresponding to all four stages of cracking. Again, all cracks are detected rather accurately. 

Note here that the reconstruction of the last stage of cracking (Figure 6, bottom right) does 

not show the entire extent of the fourth crack only because of the view angle (part of the 

crack is behind the cube). An animated visualization of the 3D geometry would reveal the true 

shapes of all cracks on the surface. 

Numerical simulations and the experimental study suggest that the developed computational 

tools for the 3D geometries are feasible and allow for monitoring of non-planar surfaces. 
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Figure 6: Experimental test of the non-planar (3D) sensing skin. Left column: Photos of a box with five of its surfaces covered 
with sensing skin. In the first photo, the red and blue line indicate the locations of the first two cracks scratched on the sensing 
skin. The yellow and green line in the second photo represent the third and fourth crack, respectively. The second and third 
column illustrate the reconstructions of the sensing skin conductivity at these four stages of cracking. 

3.3 Stretchable sensing skin for distributed strain monitoring 

This part of the research was started by testing a variety of materials that could potentially 

be used for strain monitoring. A suitable sensing skin material for this purpose should fulfil 

the following requirements: 

¶ It should be electrically conductive, and its conductivity should be in a range suitable 

for the ERT measurement system (to ensure feasible quality with the device currently 

used, the resistances between electrode pairs should be in the order of kilo-ohms). 

¶ It should be flexible, and easy to fix to a substrate surface. 

¶ It should respond to stretching by decrease of electric conductivity. 

Many of the tested paint materials turned out to be either non-conductive or too conductive. 

One of the materials (a conductive rubber sheet) had otherwise suitable electrical properties, 

except that its conductivity turned out be anisotropic ς a feature, which might even be 

beneficial in some cases, but because it also makes the interpretation of the data more 

challenging, the material was discarded. 

Finally, a suitable material for the stretchable sensing skin was made in-house, by mixing 

graphite powder to a rubber paint (Figure 7, left). The conductivity of this mixture can be 

controlled by choosing the portion of the conductive component, graphite powder, in the 

mixture. Similarly to the graphite paint, this paint mixture is easy to spread either by using a 

brush or by spraying. Most importantly, the series of tests carried out with stripes of the 

flexible paint showed that the conductivity of the paint ς indeed ς ŎƘŀƴƎŜǎ ǿƘŜƴ ƛǘΩǎ 

stretched. 
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Figure 7: Left: Ingredients of a stretchable sensing skin: graphite powder and rubber paint. Right: Stretchable sensing skin 
applied on a (non-conductive) rubber sheet. Twenty electrodes are attached near the boundaries of the sensing skin. 

To test the ability of ERT to detect deformations of the flexible sensing skin, a layer of the 

paint mixture was applied on a non-conductive rubber sheet. The first tests, where entire 

sensing skin was stretched by grabbing it from opposite ends, did not yield reconstructions of 

a very good quality; instead, multiple artefacts were observed in the reconstructions, yet they 

also showed somewhat strong conductivity changes due to stretching. The two major causes 

of the artefacts turned out be: 1) the additional deformation of the sensing skin caused by 

the compression caused by grabbing the sheet, and 2) unstable contact impedances of the 

electrodes caused by stretching of the conductive paint around them. 

The former problem was avoided in the sequel, by avoiding the compression the sensing skin 

in the stretching tests. The latter issue, unstable contact, required additional, application-

specific development in the computational methods: The image reconstruction was written 

in the form of  a non-linear difference imaging problem as in (Smyl, 2018), with a modification 

that takes into account that the contact impedances of the sensing skin may change from the 

reference state when the sensing skin is stretched. 

To test the sensitivity of the stretchable sensing skin to moderate deformations that are local, 

the technique was tested with a setup shown in Figure 8. The photographs in the left column 

correspond to two situations where the sensing skin was deformed by placing weights on it. 

First, one plastic weight (500 g) was placed in the top right corner; at the second stage, 

another, identical weight was added in the bottom left corner. The reconstructed images 

(Figure 8, right column) show, at least approximately the locations of the weights. In both 

locations, the reconstructed images indicate a decrease in conductivity. 
















