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Abstract 

Composite sucker rod has been extensively used due to its high strength, light weight and corrosion resistive nature. 
However, such composite sucker rod is difficult for conventional non-destructive evaluation (NDE) techniques to 
inspect because of its complex material and/or structure. It is thus useful to embark research on developing novel 
NDE technique to comply the inspection requirement. This work demonstrates the feasibility of using the capacitive 
imaging (CI) technique for the inspection of composite sucker rod. Finite element (FE) models were constructed in 
COMSOL to simulate the detection of defects in the glass-fiber layer and on the carbon core surface. An FE Model 
based inversion method is proposed to obtain the profile of the carbon core. Preliminary CI experimental results are 
then presented, including the detection of surface wearing defect in the glass-fiber layer, and obtaining the profile 
of the carbon core. A set of accelerated aging experiments were also carried out and the results indicate that the 
CI technique is potentially useful in evaluating the ageing status of such composite sucker rod. The CI technique 
described in this work shows great potential to target some challenging tasks faced in the non-destructive evaluation 
of composite sucker rod, including quality control, defect detection and ageing assessment.
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1  Introduction
Sucker rods are the long and thin rods attached to a 
pumping unit at the surface and extended down into an 
oil production well. They are connected to a pump at 
the bottom of the well, which is often more than 2000 
m below the surface. Conventional sucker rods are usu-
ally made of steel. Such steel rods are limited in fatigue 
strength (particularly in tension), and can limit how deep 
of a well can be pumped, simply due to the weight of the 
rods. In recent years, composite sucker rods have been 
manufactured and extensively used in the oil and gas 
industry for a variety of reasons, including high strength, 
corrosion resistive and light weight. Such sucker rods 
are particularly suitable for Shengli Oilfield (Dongying, 
China), where the oil production wells are normally very 
deep (over 2000 m) and the underground environment 
is usually harsh (high temperature and highly corrosive). 
To guarantee safe operation, the integrity of the sucker 

rod has to be ensured. This requires thorough evalua-
tion of the sucker rod during its manufacturing and in-
service stages. In this work, the capacitive imaging (CI) 
technique is adopted and its feasibility of defect detec-
tion and quality evaluation of composite sucker rod is 
demonstrated.

The composite sucker rod studied in this work is a car-
bon fiber pultruded multi-layer structure, which is shown 
in Figure 1. It’s a hybrid fiber-reinforced polymers (FRPs) 
structure pocesses both advantages of carbon fiber rein-
forced polymer (CFRP) and glass fiber reinforced polymer 
(GFRP) [1–4]. The carbon fiber core is a reinforcement in 
the center with its surface covered by a layer of glass fiber 
mixed with resin. The carbon core has an irregular profile 
to increase friction between layers to further increase the 
overall strength. Due to the complicated production pro-
cess, there might be geometric imperfections (i.e., eccen-
tricity of the carbon core). In addition, during its service 
life in the harsh environment, many type of defects, 
such as wearing, cracks and ageing, could happen to the 
sucker rod. The above mentioned manufacturing and in 
service defects will greatly affect the performance of the 
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sucker rod and can potentially lead to sucker rod failure. 
NDE techniques are thus required to spot such manufac-
ture and service induced defects. There are many com-
mercially available NDE techniques to detect defects in 
multi-layered composite material and structures, include 
ultrasound, X ray, infrared thermal imaging, and etc. 
Ultrasonic methods can detect the internal defects with 
composite materials [5–7]. X ray method can be used to 
detect voids, porosity, inclusions, and fiber breakage in 
composites [8]. Infrared thermal imaging can be used 
to detect deboning, delamination, cracks and inclusions 
in composites [9]. Microwave methods can be used to 
characterize various types of defects in composites [10]. 
The eddy current method can realize the detection of 
defects in conductive composite materials, such as CFRP, 
conductive plastics composite, and conductive rubber 
composite [11–13]. Pulsed eddy current technique was 
also used to detection impact damage in CFRP [14–16]. 
Other attempts using conventional NDE methods on the 
inspection of composite material, include the liquid per-
meation method, ultrasonic guided wave, thermography 
and acoustic emission method [17–20], are also reported 
in literature. Although the above mentioned techniques 
can cover almost all types of defects in composite materi-
als, they are almost inapplicable for the composite sucker 
rod due to their inherent technical drawbacks. For exam-
ple, the ultrasonic approach is difficult to implement in 
this case because the sucker rod is too thin (19 mm or 
22 mm in diameter) for the transducer to have a reason-
ably high degree of coupling. The eddy current approach 
would not work on the outer non-conducting glass fiber 
layer. The X ray technique can easily be operated, but it 
has health/safety and cost issue.

The CI technique, which uses capacitive coupling 
between electrodes to inspect specimen, is adopted 
to target the challenges encountered in the composite 
sucker rod inspection. The principle of the CI tech-
nique is based on the fringing effect of electric field. 
Compared to some of the traditional NDE techniques, 
the CI technique has some unique features, such as it 

is a non-contact technique, it only requires single side 
access to the specimen, and can work on a wide range 
of material types [21–24]. Therefore, the CI technique 
is widely used in the non-destructive testing field, 
such as humidity monitoring, ageing degree testing 
and compact damaging detection [25–30]. This paper 
describes the theory of this technique, the FE models 
and some experimental results to investigate the useful-
ness of the CI technique for the inspection and imaging 
of the composite sucker rod.

2 � CI Technique and Probe Design
2.1 � Principle of the CI Technique
The general principle of CI technique is shown in Fig-
ure  2. A capacitive probe is changed from being a 
parallel plate capacitor to a coplanar structure. When 
the capacitor is a parallel plate capacitor, with a DC 
energization a uniform electric field will be estab-
lished between the parallel electrodes, as shown in 
Figure  2(a). If the parallel electrodes are opened at an 
angle as shown in Figure 2(b), the uniform electric field 
changes into a fringing field. Finally. If the parallel elec-
trodes are further opened to be coplanar, the fringing 
electric field will become the main effect as shown in 
Figure  2(c). Exciting the driving electrode with a DC 
voltage will produce a fringing electric field which 
can induce charges on the sensing electrode and the 
amount will vary depending on the properties of mate-
rial under test. The capacitive probe can then get the 
defects information by measuring the charges from the 
sensing electrode.

When used on the composite sucker rod, the prob-
ing electric field will penetrate through the air gap 
between the capacitive probe and the glass fiber layer 
of the rod, and form a certain field distribution in the 
glass fiber layer. Any anomaly within this layer will 
change the field distribution and ultimately change the 
capacitance. The electric field will then terminate on 
the conducting carbon core and form an equal-poten-
tial surface. The distance between the probe surface 
and carbon core surface (defined as lift-off ) will also 

Figure 1  Structure of the composite material sucker rod: a 
schematic diagram; b photo of the cross-section

a b c

+ - + -
+ -

Figure 2  Electric fields in a a parallel plate capacitor, b angled plate 
capacitor, and c coplanar plate capacitor
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change the capacitance. Therefore, the CI technique is 
considered useful to detect the defects in the glass fiber 
layer and characterize the surface of the carbon core, as 
shown in Figure 3.

2.2 � CI Probe Design
To meet specific inspection requirements, the CI probe 
has to be designed and optimized. This can be achieved 
by analyzing the measurement sensitivity distribution. 
In this section, the measurement sensitivity distribution 
of capacitive probe is used as an indicative tool in the 
process of design. The measurement sensitivity distribu-
tion in the sensing area under a CI probe can effectively 
describe each region’s contribution to the signal change 
of the sensor and has been described in detail in our pre-
vious work [21]. Comparing sensitivity distributions of 
capacitive probes with different geometries, parameters 
that measure their imaging performance, such as pene-
tration depth, signal strength and imaging resolution, can 
be inferred. The sensitivity distribution s(x, y, z) in the 
sensing area of a capacitive probe can be described as:

where the 
−→
ED and 

−→
ES are the electric fields in the loca-

tion of regions when the driving electrode and sensing 
electrode were stimulated by a unit voltage respectively. 
Such electric fields from reciprocal energization can be 
easily obtained in Finite Element models as described in 
detail in previous work [21]. Coplanar capacitive probe 
with two triangular electrodes is selected in this case, 
as the triangular electrode can balance the trade-offs in 
the probe design. The triangular probe can be specified 
by the overall width (W), the overall length (L), the base 
(b) and height (h) of each triangle and the separation dis-
tance (s) between the parallel edges of the two triangles 
as shown in Figure 4.

Three probes with specifications indicated in Table 1, 
were studied to identify suitable parameter combina-
tions. The sensitivity distributions for the CI probes are 
show in Figure  5. Note that the sensitivity distribution 
a 3D, for a clearer illustration, only one cross-section 

(1)s
(

x, y, z
)

= −
−→
ED ·

−→
ES ,

along the long axis of symmetry of the CI probe is plot-
ted. The color maps were set in the same range, so direct 
comparison can be made more accurately. As shown in 
Figure 5, the high sensitivity area (referred to as volume 
of interrogation) is bigger with the sensor size increases.

Bigger volume of interrogation means bigger inspec-
tion extent in a single measurement position, so from 
the sensitivity distribution map one can briefly infer 
the penetration depth and signal strength of a given CI 
probe. It can be seen from Figure  5 that Probe 1 can 
get about 4 mm penetration depth, Probe 2 is with 
an approximate 6 mm penetration depth and Probe 
3 is with a 9 mm penetration depth. Generally, a big-
ger penetration depth is favorable in the CI measure-
ment, but this is trade–off against imaging resolution. 
The diameter of the composite sucker rod studied in 
this work is 22 mm, and the thickness of the outer glass 
fiber layer is between 2  mm to 5  mm. A suitable CI 
probe should have a big enough penetration depth to 
cover the whole range of insulation layer and to have a 
relatively small volume of interrogation to have a rea-
sonable imaging resolution. Therefore, Probe 2 (with a 
6 mm penetration depth) was chosen for the later simu-
lations and experiments.

For better measurement results, a slight modification was 
done to the coplanar CI probe. A flexible PCB was used to 
replace the conventional rigid FR4 PCB and a curved sub-
strate was manufactured using 3D printing to fit the surface 
of the sucker rod specimen, as shown in Figure 6.

3 � Finite Element (FE) Analysis
3.1 � Model Setup
Finite element simulations were carried out in COM-
SOL Multiphysics software to confirm the feasibility 

Figure 3  General principle of the CI technique used in the 
inspection of composite sucker rod

W h

s
Figure 4  Parameters that specific the structure of a capacitive probe

Table 1  Parameters for CI probes of different sizes

Probe L (mm) W (mm) h (mm) b (mm) s (mm)

Probe 1 15 15 3 3 2

Probe 2 20 10 6 6 2

Probe 3 25 25 9 9 2
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of the CI technique. The 3D model geometry is shown 
in Figure  7. The outer cylinder is the computational 
domain which is filled with air (ε = 1) in the simulation. 

The specifications of the capacitive probe are the same 
with the ones used in the experiments (shown in Fig-
ure 6). The simulated sucker rod comprises three layer 
including carbon fiber core (12 mm in diameter), 
glass fiber outer layer (4 mm thick) and a thin (1 mm) 
resin layer in between. The computational domain is 
400π × 90 mm3 with 72535 elements after meshing. The 
diameter of the simulated sucker rod is 22 mm which is 
the same as the rods tested in the experiments as will 
be presented in Section  4. The material properties of 
three layers are set as follows: carbon fiber (fiber direc-
tion: axial, grounded conductor), glass fiber (fiber direc-
tion: circumferential direction, ε = 4.7), and epoxy resin 
(ε = 3.5). The driving electrode is energized by 1 V DC 
voltage and the sensing electrode is set to be “floating”. 
The back plane of the CI probe is set to be grounded as 
a shielding. Other boundaries in the model are set to be 
“continuity”. The capacitances are calculated between 
the driving and sensing electrode.

3.2 � Electric Field Disturbance Due to Defects
It has been demonstrated in previous work that defects 
at different positions in the sensing area can have differ-
ent influence on the experimental results [25]. It is thus 
useful to study how the defects in various positions of the 
composite sucker rod disturb the probing electric field. 
Three cylinder voids (1 mm height and 1 mm radius) to 
simulate three distinct defects in the composite sucker 
rod are introduced in the 3D FE model, namely surface 
defect in glass fiber layer, hidden defect in glass fiber 
layer and surface defect on carbon core, as shown in 
Figure 8. The computational domain is 400π × 110 mm3 
with 99831 elements after meshing. A Simulated CI scan 
was performed in the FE model with the CI probe moved 
along a line that passing through the three defects. Elec-
tric potential plot is chosen to illustrate the field distur-
bance due to defects. Three instants in the line scan when 
the CI probe is right on top of the three defects, together 
with one instant with the probe being on top of a sound 
part, are plotted as shown in Figure 8. It can be seen from 
Figure  8 that the electric potential contours are altered 
at the defected areas in all the three cases, indicating the 
promise of defect detection in the composite sucker rod 
using the proposed method.

Figure 5  Sensitivity distribution for a Probe 1, b Probe 2, and c Probe 
3

Figure 6  Capacitive probe used in experiments

Figure 7  Capacitance imaging model geometry
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3.3 � Simulated Defect Detection in FE Models
The feasibility of defect detection using the CI technique 
is further demonstrated with simulated CI scans on com-
posite sucker rod with various types of defects. Four 
models with commonly seen defects are built in COM-
SOL, as shown in Figure 9. The first model (Model A) is 
with three voids at different depths in the glass fiber layer, 
as shown in Figure 9(a). The voids are cylinders with 0.5 
mm bottom radius and 1 mm height. The second model 
(Model B) is with a layered defect lies on the interface 
between the glass fiber layer and the carbon core, as 
shown in Figure 9(b). The dimension of the layered defect 
2 mm (width) by 0.2 mm (depth) by 20 mm (length). The 
third model (Model C) is with a carbon core of stepped 
diameters (0.5  mm difference), as shown in Figure  9(c). 
The fourth model (Model D) is with a surface breaking 
crack in the glass fiber layer, as shown in Figure  9(d). 
The dimension of the crack is 0.2 mm (width) by 2 mm 
(depth) by 20 mm (length).

Simulated scans were performed with a CI probe 
scanned along the axial direction in the four models and 
the results are shown in Figure 10. All the three defects 
in Model A produced clear indications in the line scan 

results, as shown in Figure  10(a). The three defects at 
different buried depth produced different capacitance 
variation trends, one defect appeared as a depression and 

Figure 8  Electric potential contour of electric field disturbance with 
a no defects, b a surface defect in the glass fibre layer, c a hidden 
defect in the glass fiber layer, and d a surface defect on the carbon 
core

Figure 9  Composite sucker rods with various types of defects: a 
Model A, b Model B, c Model C and d Model D
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Figure 10  Simulation results from different models: a Model A, b 
Model B, c Model C and d Model D
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the other two appeared as bulges. In this simulated scan, 
same type of defects produced different indications. This 
is due to the distribution of negative measurement sen-
sitivity values. If a defect is situated in a negative meas-
urement sensitivity value zone, it will bring in opposite 
contributions to the measured capacitance [31]. The lay-
ered defect in Model B were detected as a clear bulge, 
as shown in Figure 10(b). The carbon core with stepped 
diameter in Model C is clearly shown as a step shaped 
curve, as shown in Figure  10(c).  The surface crack in 
Model D is also successfully detected as a depression in 
the obtained capacitance plot, as shown in Figure 10(d). 
The results from the four models further demonstrated 
the feasibility of the CI technique to detect various types 
of defect in the composite sucker rod.

3.4 � Simulated Carbon Core Profile Inversion in FE Models
The carbon core of the composite sucker rod usually has 
an irregular profile of its cross-section to enhance the 
strength. The fluctuant surface is not regarded as local 
defect in general. However, the complex pultrusion manu-
facturing process might bring in geometric defects, such as 
the eccentricity of the carbon core and shrunk/expanded 
carbon core cross-section area. Such geometric defects will 
significantly reduce the strength of the entire sucker rod. It 
is thus important to obtain the profile, as a quality control 
measure. As discussed in Section 2.1, CI probe is sensitive 
to uneven surface of the carbon core. If scanned around the 
circumference of the sucker rod, the CI output will reflect 
the profile of the carbon core. However, to obtain the actual 
profile of the core, post processing of the obtained data 
is required. An inversion method is proposed and imple-
mented in an FE model. A composite sucker rod with a 
pentagon-like shaped carbon core was constructed in the 
FE model, and the carbon core cross-section is shown in 
Figure 11.

A simulated CI line scan along the circumference of the 
sucker rod was performed using the curved CI probe at a 
minimal lift-off. The calculated capacitance values at each 
scan point is plotted in the polar coordinate, as shown in 
Figure 12. It is obvious that Figure 12 is not the outer pro-
file of the carbon core as the radius in the polar plot is 
measured (calculated) capacitance value, rather than the 
actual radius of the carbon core.

A relationship between measured (calculated) capaci-
tance value and the radius of the core is thus required to 
map the polar plot of capacitance values to the profile of 
the carbon core. To find this relationship, a parametric FE 
model is built. In this model, the capacitance values of the 
CI probe with increased lift-offs (equivalent to the thick-
nesses of the glass fiber layer) at a 0.2  mm interval are 
obtained. A fitting curve of the calculated capacitance val-
ues (C) against lift-offs (d) is shown in Figure 13 and the fit-
ting formula is:

where x1 = −7.468−19, x2 = 2.226−17, x3 = −2.316−16,

x4 = 8.141−16
d, x5 = 1.762−15

d, x6 = −7.226−15.

A clear non-linearity can be observed in Figure 13.

(2)C = x1d
5
+ x2d

4
+ x3d

3
+ x4d

2
+ x5d + x6,

Figure 11  Cross-section of a sucker rod used for profile inversion
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The fitting formula is then used to calculate the actual 
lift-offs d (the thickness of the glass fiber layer), and the 
real radius of the carbon core at each scanning step can 
finally be obtained by subtracting the d value from the 
radius of the sucker rod (11 mm in this case). The final 
inversion result is shown Figure 14. Comparing Figure 14 
and Figure  11, the profile of the carbon core is roughly 
reflected from the CI data after the proposed inversion 
method. It should be noted that, the obtained plot is not 
as sharp as the actual profile, because the CI probe works 
in a volume averaging manner thus has a blurring effect. 
The blurring effect is more significant in the cases when 
the probe size is bigger compared to the targeted feature.

4 � CI Experiments on the Composite Sucker Rods
4.1 � Experimental Setup
The CI signal generating and processing system includes 
a signal generator (Tektronix AFG1022 Arbitrary Func-
tion Generator), a charge amplifier (Conditioning Ampli-
fier type LC0601), a lock-in amplifier (Signal Recovery 
Model 7230 DSP Lock-in amplifier), an oscilloscope 
(Tektronix TDS 1072B Digital Oscilloscope), and an NI 
PXI system. The motion control system includes an X-Y-
Z three-axis scanning stage and an R-θ rotary stage for 
the motion control in the scanning experiments. The 
schematic diagram and the photo of the CI instrument 
are shown in Figure 15.

With the above mentioned instrument, an AC capaci-
tance measurement method is used to achieve a bet-
ter signal to noise ratio. The driving electrode of the CI 
probe is excited by the signal generator with an AC volt-
age (10 V pk-pk @ 10 kHz). At 10 kHz, the quasi-static 
approximation is appropriate and the probing field can 
be regarded as a static electric field. Therefore, the state-
ments and analysis made in Section  2.1 are valid. The 
charge signal induced on the sensing electrode is taken 
by the charge amplifier and converted to a voltage. The 
voltage signal is then fed into the dual channel lock in 
amplifier, and the DC output from the lock-in amplifier 
is recorded by the NI PXI system. The motion control 

system can manipulate the CI probe to perform an actual 
scan. Software developed in LabVIEW is installed in the 
NI PXI system for data acquisition and motion control.

4.2 � Detect Wearing Defect on the Sucker Rod Surface
CI experiment was performed on a composite sucker 
rod specimen with a surface wearing defect. The wearing 
defect was made in the lab and is very shallow (less than 
0.1 mm), as shown in Figure 16. In practice, such slight 
wearing defect may not be easily seen as its color may be 
very close to its surrounding area. A 60  mm by 10  mm 
CI scan was performed in the boxed area indicated in 
Figure 16 and the capacitive image is shown in Figure 17. 
It can be seen from Figure 17 that, the wearing defect is 
clearly seen in the capacitive image. Note that there are 

3
5
7
9

11

——carbon-fiber layer size r(mm)

Figure 14  Profile of carbon core after inversion
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Figure 15  Capacitance imaging instrument: a block diagram, and b 
photo of the instrument

Figure 16  A sucker rod with surface wearing defect
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intensity variations in the background (defect free) area 
due to the uneven surface of the carbon core.

4.3 � Carbon Core Profile Inversion in Experiment

A CI scan was done in an attempt to obtain the carbon 
core profile and verify the inversion method proposed in 
Section 3.4. The cross-section of the sucker rod is shown 
in Figure 18.

The CI probe was scanned around the circumference 
of the sucker rod. Firstly, as in Section 3.4, the measured 
value is directly plotted in the polar coordinate, as shown 
in Figure 19.

To get the profile of the carbon core, a relationship 
between the measured value and the radius at the scan 
position is required. However the fitted curve and the 
fitting formula obtained in Section  3.4 cannot be used 
directly, because the output in the CI experiments is not a 
capacitance value but a voltage. An additional step, which 
is obtaining the relationship between the calculated capaci-
tance in FE model and measured voltage output in experi-
ment, is thus required to modify the fitted curve and the 

fitting formula obtained in Section 3.4. The CI instrument 
is a linear measurement system with fixed overall gain 
and DC drift. Therefore, the relationship between the cal-
culated capacitance in FE model and measured voltage 
output in experiment should be linear. Three CI readings 
taken at know lift-offs are used to find the linear relation 
between calculated capacitance in FE model and meas-
ured voltage output in experiment, the selected points are 
shown in Table 2. The three measurement points are with 
2.5 mm, 3.5 mm and 4.1 mm glass fiber layer thickness. CI 
readings at theses selected points were taken. Combining 
with the simulated results in Section 3.4, a relation between 
the measured voltages (U) and capacitance values (C) from 
simulation can be established. The fitted line is shown in 
Figure 20 and the corresponding fitting formula is:

where U is the voltage value recorded in experiments and 
C is the calculated capacitance in the FE model.

Finally, combing Eq. (2) and Eq. (3), a curve of the meas-
ured voltage (U) against lift-offs (d) can be obtained and is 
shown in Figure 21. The corresponding fitting formula is:

where x1 = −9.89−4, x2 = 2.949−2, x3 = −0.3069, x4 =

1.079, x5 = 2.334, and x6 = 294.7.

(3)U = 1.332
15C + 295.7,

(4)Uc = x1d
5
+ x2d

4
+ x3d

3
+ x4d

2
+ x5d + x6,

Figure 17  Capacitive image of the sucker rod

Figure 18  Cross-section of a sucker rod

295
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Figure 19  Measured voltage values in polar coordinate

Table 2  Experiment and  simulation results for  selected 
points

Thicknesses of glass-fiber 
layer d(mm)

CI readings U(mV) Simulation 
results 
C(10−15 F)

2.5 303.6 5.96

3.5 307.05 8.47

4.1 308.5 9.65
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The fitting formula (Eq. (4)) can then be used to calcu-
late the actual lift-offs d (the thickness of the glass fiber 
layer), and real radius of the carbon core at each scan-
ning step can finally be obtained by subtracting the d 
value from the radius of the sucker rod (11 mm in this 
case). The final inversion result is shown as white line 
in Figure 22. The actual cross-section of the sucker rod 
in also included for direct comparison. Although the 
obtained plot is not as sharp as the actual profile, the 
profile of the carbon core can be roughly reflected from 
the CI data after the proposed inversion method. The 
rapid change of the carbon core profile (e.g., the bottom-
right part) is “ignored” by the CI probe, because the CI 
probe is less sensitive to features much smaller com-
pared to its size.

4.4 � Evaluation of Aged Composite Sucker Rod
One of the biggest issues of the composite sucker 
rod during its long-term service process is that the 
composite material will degrade. Because of lengthy 
direct exposure to high-temperature immersion in 

water under hydraulic pressure, ageing is more likely 
to occur in such composite sucker rod. The glass 
fiber layer is prone to degrade owing to hydroly-
sis, plasticization, swelling of matrices and debond-
ing of fiber/matrices when exposed to hydrothermal 
conditions [31]. Such degradation will greatly affect 
the in-service performance. Therefore, the long-
term properties of the composite sucker rod need to 
be fully understood. Evaluation tools are needed to 
determine the ageing stages of composite sucker rod. 
In this section, CI technique is employed to evalu-
ate composite sucker rod specimens after accelerated 
ageing.

A composite sucker rod specimen was selected to 
perform the ageing evaluation trials. Three measure-
ment points were chosen on the sucker rod. Capacitive 
measurements were taken on the three points before 
ageing as references. The sucker rod was then placed in 
an ageing vessel for hydraulic pressure immersion. An 
ageing condition of 60  °C and 15  MPa hydraulic pres-
sure was used. The selected ageing temperature and the 
hydraulic pressure were determined to reflect the prac-
tical service condition.

For the first stage, the ageing time was 7  d. After 
that, the specimen was taken out from the vessel, kept 
in a desiccator for a day, and capacitive measurements 
were taken on the three selected points. For the second 
stage, the ageing time is another 7 d. Again, the speci-
men was taken out from the vessel, kept in a desiccator 
for two day, and capacitive measurements were taken 
on the three selected points. The capacitance values at 
the selected point before and after the two stages’ age-
ing are listed in Table  3. It can be seen that the meas-
urement voltages changed significantly before and after 
ageing. In addition, comparing the results after the two 
ageing stages, the measured voltages also changed. This 
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indicates the CI probe is sensitive to water absorption 
and/or material degradation caused by ageing.

5 � Conclusions
Composite sucker rod is a difficult structure for conven-
tional NDE technique to deal with, due to its shape and 
complex material contents. The CI approach described 
in this work aims to offer a possible route to overcome 
some of the limitations imposed by existing NDE tech-
niques for the inspection of composite sucker rod. The 
technique is investigated in some depth to further eval-
uate its possible application to composite sucker rod.

(1)	 The principle of the CI technique is briefly intro-
duced. A triangular electrode probe with b = 6 mm, 
h = 6 mm and s = 2 mm was found to be optimum 
in terms of the trade-offs in sensitivity (increased 
by a larger electrode size) and resolution for the 
inspection of sucker rod studied in this work. This 
choice was confirmed by a comprehensive meas-
urement sensitivity distribution studies.

(2)	 The FE models shows that the CI technique is 
promising in detecting defects in the outer glass 
fiber layer and on the conducting carbon core sur-
face. A model based inversion method to obtain the 
profile of the carbon core is proposed.

(3)	 It can be seen from the experimental results that 
the CI technique is sensitive to various types of 
defects in the composite sucker rod. Both surface 
wearing and uneven carbon core surface were suc-
cessfully imaged. The profile inversion method is 
also verified on a sucker rod specimen.

(4)	 Capacitive measurements on aged sucker rod speci-
men indicate that the CI technique is useful to eval-
uate the ageing status of the sucker rod.

It should be noted that the intention is to demon-
strate the potential of capacitive techniques to detect 
artefacts within the composite sucker rod. Thus, the 
defects introduced in the samples, and the conditions 
under which they were tested (both in FE models and 
experiments), were designed to provide clear results 

rather than exactly simulate in-service situations. Work 
including developing on-site measurement CI probe 
with multiple electrode pair combinations for indus-
trial applications is currently being performed.
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Table 3  Ageing experiment results

Measurement 
points

Measured value 
before ageing 
U(mV)

Measured 
value after 7 d 
of ageing 
U(mV)

Measured 
value after 14 d 
of ageing U(mV)

1 106.7 118.5 127.12

2 106.9 112.13 138.3

3 106.6 115.833 121.3



Page 11 of 11Wang et al. Chin. J. Mech. Eng.          (2019) 32:105 

References
	[1]	 G Carra, V Carvelli. Long-term bending performance and service life 

prediction of pultruded Glass Fibre Reinforced Polymer composites. 
Composite Structures, 2015, 127: 308-315.

	[2]	 J Koyanagi, M Nakada, Y Miyano. Prediction of long-term durability of 
unidirectional CFRP. Journal of Reinforced Plastics and Composites, 2011, 
30(15): 1305-1313.

	[3]	 J Tanks, S Sharp, D Harris, et al. Durability of CFRP cables exposed to simu-
lated concrete environments. Advanced Composite Materials, 2017, 26(3): 
245-258.

	[4]	 M A A Siddique, A A El Damatty. Enhancement of buckling capacity of 
steel plates strengthened with GFRP plates. Thin-Walled Structures, 2012, 
60: 154-162.

	[5]	 C Meola, S Boccardi, G M Carlomagno, et al. Nondestructive evaluation 
of carbon fibre reinforced composites with infrared thermography and 
ultrasonics. Composite Structures, 2015, 134: 845-853.

	[6]	 J Dong, B Kim, A Locquet, et al. Nondestructive evaluation of forced 
delamination in glass fiber-reinforced composites by terahertz and ultra-
sonic waves. Composites Part B: Engineering, 2015, 79: 667-675.

	[7]	 X Zhang, X Wu, Y He, et al. CFRP barely visible impact damage inspec-
tion based on an ultrasound wave distortion indicator. Composites Part B: 
Engineering, 2019, 168: 152-158.

	[8]	 S C Garcea, Y Wang, P J Withers. X-ray computed tomography of polymer 
composites. Composites Science and Technology, 2018, 156: 305-319.

	[9]	 J F Florez-Ospina, H D Benitez-Restrepo. Toward automatic evaluation of 
defect detectability in infrared images of composites and honeycomb 
structures. Infrared Physics & Technology, 2015, 71: 99-112.

	[10]	 S Mukherjee, A Tamburrino, M Haq, et al. Far field microwave NDE of 
composite structures using time reversal mirror. NDT & E International, 
2018, 93: 7-17.

	[11]	 K Mizukami, Y Mizutani, A Todoroki, et al. Detection of in-plane and 
out-of-plane fiber waviness in unidirectional carbon fiber reinforced 
composites using eddy current testing. Composites Part B: Engineering, 
2016, 86: 84-94.

	[12]	 K Mizukami, Y Mizutani, K Kimura, et al. Detection of in-plane fiber wavi-
ness in cross-ply CFRP laminates using layer selectable eddy current 
method. Composites Part A: Applied Science and Manufacturing, 2016, 82: 
108-118.

	[13]	 Y He, G Tian, M Pan, et al. Impact evaluation in carbon fiber reinforced 
plastic (CFRP) laminates using eddy current pulsed thermography. Com-
posite Structures, 2014, 109: 1-7.

	[14]	 L Cheng, G Y Tian. Surface crack detection for carbon fiber reinforced 
plastic (CFRP) materials using pulsed eddy current thermography. IEEE 
Sensors Journal, 2011, 11(12): 3261-3268.

	[15]	 Y He, G Tian, M Pan, et al. Non-destructive testing of low-energy impact 
in CFRP laminates and interior defects in honeycomb sandwich using 
scanning pulsed eddy current. Composites Part B: Engineering, 2014, 59: 
196-203.

	[16]	 F M Al-Oqla, S M Sapuan, T Anwer, et al. Natural fiber reinforced conduc-
tive polymer composites as functional materials: A review. Synthetic 
Metals, 2015, 206: 42-54.

	[17]	 H Sohn, D Dutta, J Y Yang, et al. Delamination detection in composites 
through guided wave field image processing. Composites Science and 
Technology, 2011, 71(9): 1250-1256.

	[18]	 C A C Leckey, M D Rogge, F Raymond Parker. Guided waves in anisotropic 
and quasi-isotropic aerospace composites: Three-dimensional simulation 
and experiment. Ultrasonics, 2014, 54(1): 385-394.

	[19]	 Z Wang, G Tian, M Meo, et al. Image processing based quantitative dam-
age evaluation in composites with long pulse thermography. NDT & E 
International, 2018, 99: 93-104.

	[20]	 W Li, Y Xu, X Qing, et al. Quantitative imaging of surface cracks in polymer 
bonded explosives by surface wave tomographic approach. Polymer Test-
ing, 2019, 74: 63-71.

	[21]	 X Yin, D A Hutchins, G Chen, et al. Studies of the factors influencing the 
imaging performance of the capacitive imaging technique. NDT & E 
International, 2013, 60: 1-10.

	[22]	 D Chen, X Hu, W Yang. Design of a security screening system with a 
capacitance sensor matrix operating in single-electrode mode. Measure-
ment Science and Technology, 2011, 22(11): 114026.

	[23]	 Y Huang, Z Zhan, N Bowler. Optimization of the coplanar interdigital 
capacitive sensor. AIP Conference Proceedings, 2017, 1806(1).

	[24]	 X Yin, D A Hutchins, G Chen, et al. Detecting surface features on conduct-
ing specimens through an insulation layer using a capacitive imaging 
technique. NDT & E International, 2012, 52: 157-166.

	[25]	 S C Mukhopadhyay, C P Gooneratne. A novel planar-type biosensor for 
noninvasive meat inspection. IEEE Sensors Journal, 2007, 7(9): 1340-1346.

	[26]	 S Gholizadeh. A review of non-destructive testing methods of composite 
materials. Procedia Structural Integrity, 2016, 1: 50-57.

	[27]	 R T Sheldon, N Bowler. An interdigital capacitive sensor for nondestruc-
tive evaluation of wire insulation. IEEE Sensors Journal, 2014, 14(4): 
961-970.

	[28]	 M Morozov, W Jackson, S G Pierce. Capacitive imaging of impact damage 
in composite material. Composites Part B: Engineering, 2017, 113: 65-71.

	[29]	 X Yin, D A Hutchins, G Chen, et al. Investigations into the measurement 
sensitivity distribution of coplanar capacitive imaging probes. NDT & E 
International, 2013, 58: 1-9.

	[30]	 S Laflamme, M Kollosche, J J Connor, et al. Soft capacitive sensor for 
structural health monitoring of large‐scale systems. Structural Control and 
Health Monitoring, 2012, 19(1): 70-81.

	[31]	 X Yin, G Chen, W Li, et al. Negative measurement sensitivity values of pla-
nar capacitive imaging probes. AIP Conference Proceedings, 2014, 1581(1): 
1500-1504.

	[32]	 C Li, G Xian, H Li. Water absorption and distribution in a pultruded unidi-
rectional carbon/glass hybrid rod under hydraulic pressure and elevated 
temperatures. Polymers, 2018, 10(6): 627.


	Capacitive Imaging Technique for the Inspection of Composite Sucker Rod
	Abstract 
	1 Introduction
	2 CI Technique and Probe Design
	2.1 Principle of the CI Technique
	2.2 CI Probe Design

	3 Finite Element (FE) Analysis
	3.1 Model Setup
	3.2 Electric Field Disturbance Due to Defects
	3.3 Simulated Defect Detection in FE Models
	3.4 Simulated Carbon Core Profile Inversion in FE Models

	4 CI Experiments on the Composite Sucker Rods
	4.1 Experimental Setup
	4.2 Detect Wearing Defect on the Sucker Rod Surface
	4.3 Carbon Core Profile Inversion in Experiment
	4.4 Evaluation of Aged Composite Sucker Rod

	5 Conclusions
	Acknowledgements
	References




