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Abstract
In recent years, �exible electronic technology has been rapidly developed. Compared with common
conductive materials, copper wire has the advantages of high conductivity and low cost. To verify the
feasibility of �ne copper wire as the conductive material in �exible microelectronic components, a
microspiral inductor was taken as an example in this work. First, �exible passive microspiral inductors
with 2.5, 4.5, and 6.5 turns were prepared by injection molding using the stereo lithography (SLA)
technology to print a mold, with silicone rubber (Eco�ex) as the base material and copper wire as the
conductive material. Second, theoretical models of the �exible microspiral inductors with different turns
were numerically simulated, and physical experiments on the electrical performance of actual microspiral
inductors were conducted under initial and deformation states. The two results were then compared and
analyzed. The results showed that the maximum errors in the inductance, quality factor, and self-resonant
frequency in the initial state were +18.17%, −19.33%, and 0.17 GHz, and those in the deformation state
were +11.15%, −10.88%, and 0.09 GHz. The errors were no more than 20%. These results con�rm the
feasibility of using copper wire as the conductive material in �exible electronic components.

1. Introduction
In recent years, with the rapid development of electronic technology, microelectronic components, such as
resistors, capacitors, and inductors, are being increasingly used in various �elds [1]. Flexible electronic
technology is a new type of electronic technology, whereby organic or microelectronic devices can be
prepared on �exible, plastic, or thin surfaces. Flexible electronic components are composed of high-
ductility base materials and embedded conductive materials. With their unique �exibility, ductility, high
e�ciency, and low-cost manufacturing process, �exible electronics have a wide application prospect in
the �elds of information, energy, medical treatment, and national defense [2–5]. They have unique
applications in passive radio frequency [6–8], additive manufacturing (AM) technology [9, 10], and health
monitoring [11–13]. Highly malleable elastic materials can protect devices and interconnects from large-
scale deformation and corrosive environments [14, 15]. Therefore, they are often used in the fabrication
of �exible antennas, hydrogels, and sensors [16–20].

The combination of �exible electronics and AM technology is an emerging and important research
direction. Flexible microelectronic components printed directly using the AM technology are easily
affected by the printing accuracy of the printer, produce defects, and have a low degree of deformation
[21]. Some �exible wearable products embedded with microsensors can be prepared by embedding
conductive materials into �exible base materials through an embedded 3D printing process [22, 23].
However, the process parameters of the AM and the damage induced in the process of material
delamination may lead to various types of dimensional deviations and internal defects, affecting the
manufacturing quality and material performance. Lazarus et al. used the 3D printing technology to
prepare a mold, established a �exible inductance structure of a biplane coil and 3D spiral, and conducted
tensile and compressive strain tests [24, 25]. Currently, research on the fabrication of �exible
microelectronic components using AM is limited to 2D cases, with little research on 3D passive
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components and the in�uence of parameter variation and deformation degree of a material on its
electrical properties [26].

A liquid metal has good �uidity and machinability at room temperature. It is a conductive material
commonly used in laboratories to prepare micro�exible electronic components [27]. Zhou et al. and Amir
et al. developed an ink formed by combining a liquid metal and an organic matter and printed it directly
onto a base material to prepare �exible electronic products [28, 29]. However, because of the diffusion of
the ink between the surface or stacking layers, the pores generated during printing may lead to electrical
cut-out [30, 31]. Injecting a liquid metal into the microchannels of a substrate material is another common
method of fabricating �exible electronic components. Eutectic gallium indium (EGaIn) is an alloy
composed of gallium and indium mixed in the ratio of 3:1. It is nontoxic and has a low viscosity and
better electrical conductivity than other liquid metals such as Galinstan (a eutectic alloy composed of
gallium, indium, and tin). Owing to this property, EGaIn has recently been used to manufacture �exible
antennas [32, 33], sensors [34], multiaxis Helmholtz coils [26], and passive coils [24, 25]. However, when
exposed to air at room temperature, EGaIn forms a thin white gallium oxide layer, which limits the free
movement of the liquid metal to a certain extent [26]. Moreover, the direct injection of the liquid metal will
leave a gap in the die cavity, thus reducing the conductivity. Spraying silica nanoparticles or low-
concentration NaOH solution on the base material can help improve the contact angle between EGaIn
and the channel [35, 36]. However, the liquid leakage due to EGaIn injection, excessive pressure in the
channel, and high requirements for the inner diameter of the injected pinhole continue to affect the
performance of micropassive components.

Copper has the advantages of good conductivity and thermal conductivity, and strong fatigue resistance.
Currently, studies on the fabrication of micropassive electronic components with copper as the
conductive material are lacking. Conventional technical routes, such as thick copper process or copper
single Damascene process, can be used to produce planar spiral inductors [37, 38]; however, it is di�cult
to produce �exible micropassive components through this process. The commonly used screen printing
technology, substrate-assisted electrochemical deposition (SAED) technology, and inkjet technology can
be used to prepare �exible micropassive components with copper as the conductive material to a certain
extent [39–41]; however, the manufacturing process is complex, and the cost of copper �lm and copper
nanoparticles as the conductive material is high. Copper wire as a conductive material has a low cost and
a simple manufacturing process. Currently, there are no studies on the electrical properties of �exible
electronic components with copper wire as the conductive material. Therefore, the overall capability of
this method is yet to be fully evaluated.

In this work, we selected a microspiral inductor, one of the components of an LC passive wireless sensor,
as the research object to study and analyze the feasibility of copper wire as the conductive material for
the �exible microelectronic element. First, the base material and conductive material of the microspiral
inductor were selected, and a microspiral inductor was fabricated. Second, a theoretical model of the
spiral inductor was numerically simulated, and the electrical properties and physical experiments of the
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spiral inductor in the initial and deformation states were conducted. Finally, the results were compared
and analyzed, from which relevant conclusions are drawn.

2. Materials And Fabrication

2.1 Material properties and comparison
To make high-performance �exible passive components, the selection of the base and conductive
materials has been an important research direction. Elastic base materials mainly include carbon
nanotubes (CNTs), zinc oxide, graphene, semiconductor oxides, and other materials. Among them,
semiconductor oxides, such as polydimethylsiloxane (PDMS), silicone rubber (Eco�ex), and polyurethane
(PU), are widely used. They have the advantages of low cost, transparency, and surface hydrophobicity
[42]. Table 1 presents a comparison between Eco�ex and PDMS in terms of their material properties. The
comparison shows that the Young’s modulus of Eco�ex is low, and its elastic modulus matches the
elastic modulus of human skin, making it a favorable base material for practical bonding applications.
Therefore, Eco�ex 00-50 material was selected as the base material of the �exible micropassive spiral
inductor.

Table 1
Performance comparison of Eco�ex and PDMS substrate materials

Materials Tensile strength (MPa) Maximum strain (%) Young’s modulus (MPa)

Eco�ex 00-50 1.38 900 0.07

PDMS 6.25 120–160 2.05

The selected Eco�ex (BASF Company, Germany) has good tensile properties and can be made with a �lm
thickness of 10 µm. It has good barrier performance to oxygen and water vapor, and it is a common
material used in elastic electrodes and �exible sensors [43]. Eco�ex comprises Parts A and B (as shown
in Fig. 1 (a)). When in use, it should be mixed and solidi�ed in the ratio of 1:1 at room temperature to
form a solid. It is typically necessary to manufacture the mold through the AM technology and then make
the required shape through an injection molding process. Compared with the fused deposition modeling
(FDM) technology, the stereo lithography (SLA) technology in AM has the advantages of high molding
accuracy and good processing quality. In this work, an SLA printer (shown in Fig. 1 (c)) (model Z Rapid
SL500; ZRapid Technologies, Suzhou, China) and a photosensitive resin material were �rst selected to
manufacture the mold. Fig. 1 (b) shows the �nal mold.

The coil and wire diameters of the copper wire, which is the conductive material in �exible electronic
components, cannot be changed by stretching and bending compared with EGaIn, whereas its inductance
can be changed by changing the pitch and pitch diameter. Table 2 presents a performance comparison
between EGaIn and copper wire as conductive materials. Therefore, for some �exible sensors that require
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a high inductance performance and small inductance change, using copper wire as a conductive material
has the advantages of simple production process, low cost, and high conductivity. Through a tensile test,
it is found that, the greater the wire diameter, the lower the change in the pitch and pitch diameter of the
microspiral inductor during deformation. Therefore, a copper wire with a diameter of 0.2 mm was
selected as the conductive material. Through experimental measurement, the conductivity of the copper
wire selected in this study was found to be 1.1247×107 S/m. The microspiral inductor was modeled,
designed, and manufactured. Fig. 1 (d) (top) shows the theoretical model.

Table 2
Comparison between liquid metal EGaIn and copper wire as conductive materials in terms of their

properties
Conductive
material

EGaIn Copper wire

Component A eutectic alloy in which gallium and indium are mixed in a
ratio of 3:1

Cu +
Ag≥99.90

Relative
permeability

0.9999 0.999991

Conductivity
(S/m)

3.4×106 Up to
5.8×107

Cost High Low

Production
process

Complex Simple

Packaging
di�culty

High, prone to liquid metal over�ow Low

 

2.2 Manufacturing process
The manufacturing process of the �exible microspiral inductor used in this work is as follows:

Step 1: Use the AM technology to manufacture molds. The molds are printed using an SLA 3D printer
with a photosensitive resin to prepare the base materials and soft cores convenient for copper wire
winding;

Step 2: Mix Parts A and B of Eco�ex 00-50 in the ratio of 1:1 and stir evenly (as shown in Fig. 2 (a)), inject
them into the two molds through a 2.5 ml syringe, and cure at room temperature for approximately 3 h;

Step 3: After curing, remove the Eco�ex from the mold to obtain the base groove and soft core of the
Eco�ex material (as shown in Fig. 2 (b));

Step 4: Wind the copper wire with a diameter of 0.2 mm on the soft core to form 2.5, 4.5, and 6.5 turns of
copper wire coils;
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Step 5: Place the wound copper wire coil in the cured concave Eco�ex groove and continue to inject
Eco�ex. After the copper wire is completely covered, cure it at room temperature for approximately 3 h to
obtain �exible microspiral inductors with different turns (as shown in Fig. 2 (c)).

Fig. 1 (d) (bottom) shows the �nal sample of the microspiral inductor.

3. Results And Discussion Of Numerical Simulation
To con�rm whether the �exible microspiral inductor made of copper wire meets the variation law and
design requirements of general inductors, it is necessary to discuss the changes in the inductance value
L, quality factor Q (Q factor), and self-resonant frequency (fSRF) under static and deformation states. The
inductance value re�ects the ability of the inductor to convert electric energy into magnetic energy; the Q
factor represents the e�ciency with which the inductor converts electric energy into magnetic energy and
re�ects the loss of the inductor. The self-resonant frequency directly determines the upper frequency limit
of the normal operation of the inductor. In this work, the simulation method and physical experiment
method were employed, and the measured results were compared and analyzed.

The electrical performance of the �exible microspiral inductor was simulated using Ansys HFSS (high-
frequency structure simulator) to analyze the variation in its electrical performance with the frequency. By
establishing the simulation model in HFSS and setting the corresponding parameters, such as the
frequency, excitation source, radiation boundary, and accuracy, the simulation results, such as the
admittance, inductance value, and Q factor, could be obtained. The solution process mainly comprises
the following steps:

Step 1: Use SolidWorks software to model the microspiral inductors with 2.5, 4.5, and 6.5 turns. Taking
the copper wire with 4.5 turns as an example, the speci�c modeling parameters are shown in Table 3. The
model is then saved in the “x_t” format in the HFSS, and the material properties are de�ned.

Step 2: Set boundary conditions. In this work, the boundary condition is set as radiation boundary.

Table 3
Speci�c parameters of microspiral inductor modeling

Turns Wire diameter

(mm)

Coil diameter

(mm)

Pitch

(mm)

Coil length

(mm)

Inductor dimensions

(mm)

2.5 0.2 5 3 10.5 40×20×7.5

4.5 0.2 5 3 16.5

6.5 0.2 5 3 22.5

 
Step 3: Set the excitation port. In this work, the lumped port is used as the excitation mode, and the
integral line with the same direction is de�ned.
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Step 4: Set solution value and mesh. The frequency scanning range set in this work is 0–1 GHz, the step
size is 0.05 GHz, and the frequency scanning type is “Discrete.” The adaptive meshing function in the
HFSS is used for meshing.

Step 5: Simulation solution. Based on the settings of the above parameters, the “Analyze ALL” mode is
used to complete the simulation solution. The complexity of the spiral inductor geometric model, the
setting of the solution value, the division of the network, and the con�guration of the computer in�uence
the simulation time.

When using the HFSS for electrical simulations, the calculation formulae for the inductance (Equation
(1)) and Q factor (Equation (2)) are as follow:

Here, Y11 is the admittance, Freq is the operating frequency, Im refers to the imaginary part of 1/Y11, and
Re refers to the real part of 1/Y11.

For the microspiral inductors with 2.5, 4.5, and 6.5 turns, this work simulates the inductance value and Q
factor in its initial state (unstressed). Figures 3 (a) and (b) show the simulation results. As shown, with
the increase o�n the number of inductor turns, the inductance increases; however, it will also lead to an
increase in the parasitic capacitance and a decrease in the Q factor. The stray capacitance increases with
the increase in the number of turns, thereby decreasing fSRF.

For the 4.5-turn microspiral inductor, the inductance and Q factor in the initial state, deformation state 1
(the length after stretching is 50 mm), and deformation state 2 (the length after stretching is 70 mm) were
simulated. Figures 3 (c) and (d) show the simulation results. With the deformation of the �exible inductor,
the pitch of the copper wire increases, which reduces the mutual inductance between the coils, thereby
reducing the total inductance; however, increasing the pitch reduces the parasitic capacitance and eddy
current loss of the coil, thus increasing the Q factor.
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Table 4
Numerical simulation results of various parameters of the microspiral inductor under different turns and

deformation states
Turns 2.5 4.5 6.5 4.5

(Deformation
state 1)

4.5

(Deformation
state 2)

Maximum inductance
value

(nH)

993.11 1509.84 1762.69 1406.89 1197.72

Maximum Q factor 82.43 69.13 61.66 71.34 77.14

fSRF (GHz) 0.39 0.45 0.48 0.38 0.44

 
Table 4 presents the speci�c data of the simulation results. From the simulation results, the changes in
the inductance and Q factor with the increase in the number of turns and tensile properties of the �exible
microspiral inductor are in agreement with the change law of the general �exible inductor. The results are
suitable to determine the electrical performance in the subsequent experiment.

4. Results And Discussion Of Electrical Performance

4.1 Electrical performance experiment
The numerical simulation is an electrical performance simulation conducted on the microspiral inductor
in the ideal state. For �exible microspiral inductors manufactured with a thin copper wire as the
conductive material and AM technology, an electrical performance experiment should be conducted to
evaluate the in�uence of manufacturing process, material performance, and other factors on its
performance.

First, this study uses the SolidWorks software to design a �xture that can measure the inductance and Q
factor under deformation, as shown in Fig. 4. Figure 4 (a) shows the SolidWorks model of the �xture,
which is composed of a �xed part, a moving part, and a screw. The �xed part is connected using the
screw in the form of a slot, and the moving part is connected using the screw in the form of a thread.
Figures 4 (b) and (c) show the �xture printed using the AM technology. When in use, the two sides of the
microspiral inductor (as shown in Fig. 4 (d)) are clamped, the clamp is nested in the two cylinders of the
�xed and moving parts, and the distance between the moving and �xed parts is adjusted by rotating the
screw. This helps achieve the objectives of stretching and deformation of the microspiral inductor.
Figures 4 (e) and (g) show the deformation degree of the �exible microspiral inductor in the initial state,
deformation state 1, and deformation state 2.
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The impedance analyzer can measure the reactance and inductive reactance of the impedance varying
with the frequency and then convert them into the inductance value and Q factor. In this work, the Agilent
E4991A impedance analyzer was selected to test the electrical performance of the manufactured
microspiral inductor, and the inductance and Q factor of the microspiral inductor in the frequency range
of 0–2 GHz were obtained (as shown in Fig. 5).

For inductors, the expressions of L and Q are:

   (3)

where the resistance R is the real part of the impedance Z, the inductive reactance X is the imaginary part
of the impedance Z, and f is the frequency.

For the microspiral inductors with 2.5, 4.5, and 6.5 turns, the inductance and Q factor in the initial state
were tested. Figures 6 (a) and (b) show the experimental results. In addition, to verify the electrical
performance under deformation, the inductance and Q factor of the 4.5-turn microspiral inductor in the
initial state, deformation state 1, and deformation state 2 are tested, as shown in Figs. 6 (c) and (d).

Table 5
Experimental detection results of various parameters of the microspiral inductor under different turns and

deformation states
Turns 2.5 4.5 6.5 4.5

(Deformation
state 1)

4.5

(Deformation
state 2)

Maximum inductance
value

(nH)

1112.10 1698.12 1982.02 1563.72 1233.66

Maximum Q factor 89.64 60.54 49.74 63.58 70.86

fSRF (GHz) 0.41 0.32 0.31 0.33 0.35

 
Table 5 presents the speci�c data of the physical experiment results. From the experimental results, the
variation in the inductance and Q factor with the increase in the number of turns and the variation trend in
the tensile properties of the �exible microspiral inductor are in accordance with the variation law of
general �exible inductors. However, a further analysis and comparison with the numerical simulation
results are still required.
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4.2 Comparison and analysis
Figure 7 shows a comparison between the physical experimental results and the numerical simulation
results under the initial state of the 2.5-, 4.5-, and 6.5-turn �exible microspiral inductors and the
deformation state of the 4.5-turn microspiral inductor.

The �gure shows that the physical experimental results of the inductance L and Q factor of the �exible
microspiral inductor based on the AM technology are roughly the same as the numerical simulation
results of the theoretical model. The change rates of the inductance are +11.98%, −1.3%, +18.17%,
+11.15%, and +3%. The change rates of the Q factor are + 8.75%, −12.42%, −19.33%, −10.88%, and
−8.15%. The changes in the self-resonant frequency are 0.02, 0.13, 0.17, 0.05 and 0.09, as listed in Table
6.

Table 6
Comparison between the physical experiment results and

numerical simulation results
Number of turns Errors

  Inductance Q factor fSRF

2.5 +11.98% +8.75% 0.02

4.5 −1.3% −12.42% 0.13

6.5 +18.17% −19.33% 0.17

4.5

(Deformation state 1)

+11.15% −10.88% 0.05

4.5

(Deformation state 2)

+3% −8.15% 0.09

 

The relatively large error is mainly re�ected in the following two aspects:

1. The physical experiment results of fSRF are earlier than those of the numerical simulation results.

2. The change rate of the individual inductance and Q factor is slightly higher.

The main reasons for the difference between the physical experiment results and numerical simulation
results are as follows:

(1) Differences in material parameters. In the actual manufacturing process of a microspiral inductor, the
actual working performance index of the material deviates from the speci�ed theoretical value.
Speci�cally, the impurities with little content in copper, particularly phosphorus, arsenic and aluminum, or
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a small amount of oxygen easily mixed during copper smelting, have a signi�cant impact on the
conductivity. Moreover, there is a difference between the increase rate of the actual resistance and that of
the theoretical simulation.

(2) There are geometric parameter errors between the actual microspiral inductor and the expected model.
Speci�cally, the limitations of the AM technology in manufacturing molds, injection molding process of
the silicon rubber, and manufacturing of the microspiral inductors will lead to dimensional errors between
the different components of the microspiral inductors.

(3) Parasitic effects of actual devices. The parasitic effect of the actual device may be greater than the
theoretically simulated value, and the dielectric constant of the insulating material is also different at
different frequencies.

In conclusion, a passive microspiral inductor with copper wire as the conductive material for the �exible
passive components exhibits roughly the same change trend in terms of the physical experiment and
numerical simulation results. Moreover, it meets the electrical change law of general �exible passive
components in terms of the tensile properties.

5. Conclusion And Prospect
In this work, to verify the feasibility of �ne copper wire as the conductive material in �exible
microelectronic components and to study the corresponding electrical properties, a microspiral inductor
was taken as an example. A mold was manufactured using the SLA technology, a �exible substrate was
processed by silicon rubber injection molding, and a �exible micropassive inductor was prepared using
copper wire instead of EGaIn. The electrical performance was simulated using Ansys HFSS and Agilent
E4991A impedance analyzer. The results showed that the variation trend in the physical experiment
results is roughly the same as that in the numerical simulation results of the theoretical model. The errors
in the inductance values were +11.98%, −1.3%, +18.17%, +11.15%, and +3%. The errors in the Q factor
were +8.75%, −12.42%, −19.33%, −10.88%, and −8.15%. The errors in fSRF were 0.02, 0.13, 0.17, 0.05, and
0.09 GHz. The error was mainly re�ected in the fact that fSRF of the inductance was earlier than that of
the numerical simulation, and the change rate of the individual inductance and Q factor was slightly
higher. The main reasons were the difference in the material parameters and the dimensional error of the
geometric model. It is concluded that the tensile performance of the �exible passive inductor
manufactured in this work meets the electrical variation law of general �exible passive components, with
the error being no more than 20%, thus proving the feasibility of using copper wire as the conductive
material in �exible passive components.

This work only tested copper wire as the conductive material. For different materials of the copper wire,
such as brass, bronze, and red copper, and different models of the copper wire, such as TU1, TU2, TUP,
and other models, as conductive materials, relevant numerical analysis and experimental veri�cation
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should be performed in the future. The deformation degree and electrical properties of copper wire with a
diameter of more than 0.2 mm and low deformation should be further studied experimentally.
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Figure 1

Preparation materials and equipment for �exible microspiral inductor: (a) Eco�ex 00-50 material
manufactured by BASF, Germany; (b) 3D-printed mold made of photosensitive resin; (c) Z Rapid SL500
light curing 3D printer; (d) (top) Theoretical model and (bottom) actual samples of microspiral inductor.
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Figure 2

Preparation process of �exible microspiral inductor: (a) Mix Eco�ex 00-50 and stir evenly; (b) Eco�ex is
injected into a 3D-printed mold and cured at room temperature; (c) Copper wire is wound on the soft core,
and Eco�ex is injected and cured at room temperature.
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Figure 3

Line chart of the numerical simulation results of a �exible microspiral inductor: (a) Simulation results of
the inductance and (b) quality factor Q of microspiral inductors with 2.5, 4.5, and 6.5 turns; (c) Simulation
results of the inductance and (d) quality factor Q of the 4.5-turn microspiral inductor under deformation.
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Figure 4

SolidWorks model of a tensile deformation �xture and 3D-printed physical model: (a) SolidWorks model
of the �xture and its components; (b) Top view of the �xture; (c) Bottom view of the �xture; (d) Flexible
microspiral inductor �xed by two clips; (e) Initial state of the �exible microspiral inductor placed on the
�xture; (f) Microspiral inductor tensile deformation state 1; (g) Microspiral inductor tensile deformation
state 2.



Page 19/22

Figure 5

Agilent E4991A impedance analyzer
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Figure 6

Line chart of the electrical test results of the �exible microspiral inductor: (a) Test results of inductance
and (b) quality factor Q of microspiral inductors with 2.5, 4.5, and 6.5 turns; (c) Test results of inductance
and (d) quality factor Q under deformation of the 4.5-turn microspiral inductor.
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Figure 7

Comparison between the numerical simulation results and physical experiment results of the �exible
microspiral inductor: (a) Comparison between the inductance and (b) quality factor Q of the 2.5-turn
microspiral inductor; (c) Comparison between the inductance and (d) quality factor Q of the 4.5-turn
microspiral inductor; (e) Comparison between the inductance and (f) quality factor Q of the 6.5-turn
microspiral inductor; (g) Comparison between the inductance and (h) quality factor Q in deformation
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state 1 of the 4.5-turn microspiral inductance; (i) Comparison between the inductance and (j) quality
factor Q in the deformation state 2 of the 4.5-turn microspiral inductance.


