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Abstract. In this paper, results of the research on the feasibility of High Frequency 

Eddy Current (HFEC) based inductive strain sensor are presented. Conducted studies 

suggest that there is a possibility to utilize HFEC as an alternative for conventional 

strain gauges for CFRP parts monitoring. This is based on the fact, that carbon fibers 

are peizoresisitive, i.e. change their conductivity due to applied mechanical strain in 

the same way a conductive strain gauge changes its own. The main idea is to measure 

the change of the conductivity of fiber bundles inside CFRP to determine the strain 

directly in the fiber. Advantages of the inductive strain gauge compared to classic 

conductive sensors are direct measurements of fibers properties’ change, not 

influenced by glue cracking and aging, and, as a result, conceptual ability to endure 

exploitation without loss of the measuring capabilities, because these capabilities do 

not depend on the state of fixation of the sensor to the investigated part. 

Results of the research indicate there is a reliable correlation between measured EC 

signal and an applied mechanical strain. The possibility to integrate prototype sensor 

design into the CFRP mesh was also investigated, and the results of the effort are 

represented in the paper. 

Introduction  

Carbon-fiber reinforced plastics (CFRPs) are prospective materials for automotive and 

aerospace construction, and civil engineering. This type of composites allows for creation of 

highly durable and at the same time light designs with increased bearing capabilities due to 

the decrease of the systems’ intrinsic weight [1]. 

CFRP are also relatively cheap and uncomplicated to produce, which further increases their 

importance. However, as any other material, CFRP can suffer from different defects, which 

occur both during manufacturing process, such as missed lane, “fuzzy ball”, in- and out-of-

plane waviness, and due to exploitation of the mechanical part. Thus, ability to ensure high 

quality of production and to monitor health of parts and systems is no less desirable for CFRP 

production than for any other. 
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During previous string of studies, it was shown high frequency eddy current could be applied 

for monitoring of low-conductive materials, e.g. metal-epoxy pastes, graphite-based pastes 

for Li-ion batteries production, ceramics, and even pure epoxy. [2–9] 

It is known, that CFRP possesses piezoresistivity [10–14], which means any mechanical 

change in the structure would translate into change of conductivity of the part, which in turn 

would influence eddy currents, excited in the material under the influence of the sending 

coil’s magnetic field. This way, mechanical strain and stress, applied to CFRP part would 

transcend into changes or fluctuations of the measured EC signal, be it impedance or phase 

angle changes. 

Naturally, in this regard HF EC method would become an alternative for conventional strain 

gauges, which measure strain indirectly through the change of the resistance of the sensor 

itself. It is not always possible to use strain gauges to measure decrease of the strain applied 

to the part, when the material relaxes. On the contrary, HF EC method allows to measure the 

change of material properties directly and allows to measure both increase and decrease of 

strain, which could be applied 

Authors of this paper weren’t able to find any previous attempts to use HF EC for mechanical 

strain monitoring in CFRP. 

1. Theoretical background 

When alternating magnetic field is applied to conductive material, it induces Foucault 

currents or eddy currents, which in turn excite secondary magnetic field, attempting to 

counteract the primary one. Thereupon classical Eddy Current non-destructive method is 

based. However, as it was shown a number of times during previous research, if primary 

magnetic field is alternating at higher frequencies, it is possible to excite eddy currents in 

low-conductive and even non-conductive materials [2, 3, 6, 7]. This is the foundation for 

High Frequency Eddy Current (HF EC) method. 

CFRPs generally are low-conductive composite materials, where carbon fibers have 

anisotropic conductivity and build chaotic semi-continuous conductive mesh inside of a 

nonconductive polymer matrix. Thus, if alternating magnetic field is applied to CFRP 

material, eddy currents are induced, and their paths are defined by the location of fibers inside 

the material. If CFRP is undergoing a mechanical strain, its conductivity would change, the 

reason for that are changes, introduced in the conductive structure of CFRP, which influence 

both conductivity of carbon fibers, and paths and distribution of eddy currents in the material. 

Carbon fibers undergo changes on macrolevel, when the bundles elongate and tighten, and 

the surfaces of neighboring bundles press together. Also, distance between fibers inside 

bundles changes (fig. 1). On microlevel, carbon fibers can change their diameter to an extent, 

due to the specifics of carbon hexagonal structures, which could also contribute to the 

piezoresistive capabilities. All the changes, that occur in CFRP under mechanical strain 

influence eddy currents excited in the structure and thus could be detected by HF EC method, 

which is the basis for the idea of inductive strain gauges. 
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Fig. 1. Equivalent representation of carbon fibers (a), schematic representation of carbon structure on 

microlevel (b). 

2. Experimental setup 

Samples, produced for the research along the guidelines of the Type 3 specification for strain 

samples from DIN EN ISO 527-4, were formatted as stripes of woven and nonwoven types 

of CFRP, of different width and thickness, both imbued with epoxy, and dry. 

 

Fig. 2. Control measurements of CFRP resistance. 

For the purposes of the research several experiments were devised and conducted. First of 

all, the piezoresistive nature of CFRP was confirmed by control measurements of CFRP 

plate, stretched and relaxed in the UTM (Zwick Z250, Fraunhofer IKTS). Electrical contacts 

to carbon fibers were established by burning away epoxy matrix at the ends of the plate and 

gluing copper plates onto them with silver based conductive epoxy compound. Resistance of 

the plate was measured with four-point method, and shows correlation to the applied 

mechanical strain and deformation (fig. 2). 
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Fig. 3. Proof-of-concept design (measuring coils (upper left); sensor head (lower left); sensor, pressed to the 

surface of the CFRP sample (right)) 

During experiments, design of the sensor went through several stages. First, only the method 

applicability was tested, and for this purpose bulky sensor head with spiral coils was used. 

During experiments, this sensor was held against the surface of CFRP with spring clamps 

(fig. 3). 

After satisfactory results were obtained, a concept of a sensor patch was developed. It was 

used for experiments in two configurations: glued onto the surface of CFRP with double-

sided tape (fig. 4) and integrated between layers of carbon fiber textile (fig. 5). 

 

Fig. 4. Design of a EC sensor patch (left), sensor, attached to the CFRP sample during experiment (right). 

The prototype design of EC-patch consisted of a pair of interwound spiral coils and a SMD-

based electronic (preamplifier) on a thin flexible PCB. Preamplifier should be placed as near 

as possible to the coils, otherwise a distortion or dampening of measured signal could occur. 

However, it is possible to devise a compensation algorithm, as long as the dampening is not 

too extreme. 
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Fig. 5. X-ray of the embedded sensor (left), CFRP samples with integrated sensor inside (middle and right). 

The construction form of spiral coils as a sensor body on the flexible substrate is rather well 

suited for integration purposes, however, this design still is only a prototype, and SMD-

elements could potentially be replaced with film structures. One of the downsides of the 

integration is the introduction of additional potential delamination seed into material, as well 

as the necessity to encapsulate the sensor in an insulation pocket. The insulation pocket was 

created from two layers of fiberglass textile. The problem of contacting the sensor for energy 

and signal transfer is yet another issue, which was solved in research circumstances by 

opening the upper part of CFRP sample and soldering a microcoaxial cables to sensor’s 

contacts. However, it is possible to develop a design of an autonomous sensor with either 

rechargeable or stationary energy source, and a wireless signal transmitter. 

3. Results and discussion 

After resistance measurements (fig. 2) showed there is a correlation between CFRP’s 

resistance and mechanical strain, series of experiments with HF EC sensors were undertaken 

to verify the applicability of the method for CFRP monitoring. It was established, that there 

is a pronounced correlation between eddy current signal and a mechanical load applied to 

samples (fig. 6–7). It was found, that linear increase of mechanical strain leads to ever 

diminishing increase of EC-signal (fig.6). 

The reason for that is twofold: first, there is a pizoresistive character of carbon fibers 

themselves, and, second, there are capacitive effects, which occur when carbon fibers move 

in relation to each other, become thinner, and press closer together. On microscopic level 

each single fiber becomes thinner and elongated. On macroscopic that translates into 

elongation and tightening of the whole thread and into the diminishing of distances between 

single threads and bundles. Capacitance changes that occur on macroscopic level influence 

the behavior of the magnetic fields in the material and thus the EC signal. Physical tightening 

of the fibers and bundles themselves also alters conductive pathways in the textile, which 

also impacts the flow of eddy currents, and, as a result EC signal. These considerations could 

be a foundation for additional research, aimed at finding of the exact interaction mechanism 

between the strain and the eddy currents. 
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Fig. 6. Correlation between mechanical strain and measured HFEC signal (surface sensor). 

It was found, that during continuous measurements, a general decrease of EC-signal over 

cycles appears. This occurrence could be a result of the residual plastic deformation 

(elongation) of carbon fibers and/or the accumulation of wear in the CFRP. 

 

Fig. 7. Correlation between mechanical strain, applied to the CFRP and measured HFEC signal (embedded 

sensor) 
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4. Comparison with conventional strain gauges 

For comparison of HF EC method to conventional strain gauges, sensitivity of the method 

must be evaluated. Conventional strain gauges are usually characterized by their k-factor 

(usually it is 1,9…3,0, and for most sensitive Pt gauges it is as high as 6,0). This factor is 

obtained as a ratio between sensor’s resistance and length changes: 

∆𝑅

𝑅
= 𝑘 ∙

∆𝑙

𝑙
, 

where 
∆𝑅

𝑅
 is a change of sensor’s resistance, 

∆𝑙

𝑙
 is a change of sensor’s length. 

To evaluate sensitivity of HF EC method, similar approach was adapted. The kEC-factor was 

calculated as a ratio between the change of EC-signal and an elongation of CFRP-sample: 

∆𝐸𝐶

𝐸𝐶
= 𝑘𝐸𝐶 ∙

∆𝑙

𝑙
, 

where 
∆𝐸𝐶

𝐸𝐶
 is a change of EC-signal, 

∆𝑙

𝑙
 is a change of specimen’s length. 

As an alternative index of sensitivity, a relative EC-signal’s change per MPa of mechanical 

strain: 

∆𝐸𝐶

𝐸𝐶
= 𝐺𝐸𝐶 ∙ ∆𝜎, 

where 
∆𝐸𝐶

𝐸𝐶
 is a change of EC-signal, ∆𝜎 is a strain increase. 

For surface sensor the kEC-factor turned out to be 2,2…3,86, which is comparable to that of 

most common strain gauges. For embedded sensor, kEC-factor was as high as 16. For 

embedded sensors the growth index GEC was as high as 1,5 
%

𝑀𝑃𝑎
. 

It is also worth noting, that HF EC method allows to measure relaxation of previously 

elastically strained carbon fibers, which is not always possible with conventional strain 

gauges. 

5. Conclusions 

Obtained results show, that there is a strong correlation between mechanical strain, applied 

to the sample, and an EC-signal measured simultaneously, which corresponds to the 

correlation between strain and resistivity. Possible mechanisms of such occurrence are 

microscopic changes in carbon fibers and macroscopic alterations of fibers’ and bundles’ 

relative positions, distances between them, tightening of bundles and treads. Ideas for future 

studies of exact mechanisms, which lead to change in CFRP resistivity, as well as a research 

and development of an autonomous sensor design were proposed. 

It was shown from obtained results, that HF EC method is applicable for mechanical strain 

and wear monitoring of CFRP parts and is comparable to conventional strain gauges in its 

sensitivity and even surpasses them completely with use of embedded sensor, and is capable 

to measure relaxation of elastically strained carbon fibers, and its working principle is based 

on direct measurement of material’s properties’ changes. It is also worth noting, that HF EC 

method allows to measure relaxation of previously elastically strained carbon fibers, which 

is not always possible with conventional strain gauges. 

The advantages of the proposed use of HFEC method include the ability to directly measure 

changes of material’s properties, caused by mechanical load and wear, the ability to measure 

both increase and decrease of mechanical load applied to the part, high sensitivity of the 

method towards measured effects. 
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