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Industrial companies popularly used the powder coating, classing, and thermal transfer printing (TTP) technique to avoid oxidation
on the metallic surface and stiffened speaker diaphragm. This study developed a TTP technique to fabricate a carbon nanotubes
(CNTs) stiffened speaker diaphragm for thin panel speaker. The self-developed TTP stiffening technique did not require a high
curing temperature that decreased the mechanical property of CNTs. In addition to increasing the stiffness of diaphragm substrate,
this technique alleviated the middle and high frequency attenuation associated with the smoothing sound pressure curve of thin
panel speaker. The advantage of TTP technique is less harmful to the ecology, but it causes thermal residual stresses and some
unstable connections between printed plates. Thus, this study used the numerical analysis software (ANSYS) to analyze the stress
and thermal of work piece which have not delaminated problems in transfer interface. The Taguchi quality engineering method
was applied to identify the optimal manufacturing parameters. Finally, the optimal manufacturing parameters were employed to
fabricate a CNT-based diaphragm, which was then assembled onto a speaker. The result indicated that the CNT-based diaphragm
improved the sound pressure curve smoothness of the speaker, which produced a minimum high frequency dip difference (ΔdB)
value.

1. Introduction

The thermal transfer printing (TTP) technique is coating
materials to combine on the metallic surface in high thermal
environment. This study explores thermal stresses analysis
of coating, to make the coating boundary have a good
combination, especially. The research of thermal conduction
in composite materials is various in the recent years. Ozisik
indicated that the composite structures are formed by two or
more plates; the connection between any two plates tends to
have the problem of thermal resistance [1]. Previous studies
have reported that themagnitude and distribution of thermal
residual stress can be adjusted by selecting the appropriate
material combination and controlling the compositional gra-
dient. Shaw used the multilayer composite plates with differ-
ent materials to form the elastic module and coating them on
different plates and found that different coating thicknesses
will influence the characteristics of thermal residual stresses
[2]. Özel et al. used the finite elèment method (FEM) to

simulate various ceramic materials, which are analyzed by
their thermal stresses under the very high temperature [3].

Current technological products, including speakers, are
mostly lightweight. Speakers have become an integral part of
people’s everyday life and are prevalently applied in a variety
of products such as television, computers, tablet computers,
and mobile phones. To fulfill market demands and customer
needs for thinner panel speakers with excellent sound quality,
problems concerning middle and high frequency attenuation
in thin panel speakers must be resolved. The diaphragm
in thin panel speaker is the key component of a speaker.
The mechanical property of a diaphragm directly influences
crucial acoustic characteristics of the speaker (including the
sound pressure level (SPL) and frequency range).

Typically, the major material of the diaphragm is coarse
paper. However, the lack of stiffness produces unclear sound
at middle and high frequency. Therefore, polyethylene naph-
thalate (PEN) pasted on coarse paper orAl foil pasted on form
materials has been studied to enhance the stiffness. However,
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poor adhesion and overweight problem occur and limit their
application. It is reported that using CNTs as an additive can
enhance the mechanical property of resin [4–6]. Compared
with regular polymer, CNTs have lower expansion coefficient,
which reduces the residual stress in laminated polymer
composites. In addition, CNTs have favorable strength and
stiffness and are capable of changing material properties
such as electrical and thermal conductivity. However, past
studies also have observed that mixing high-concentration
CNTs with epoxy lowers the mechanical strength of the
epoxy, which is primarily attributable to the aggregation of
the CNTs and the formation of hollow pores in the epoxy
[7, 8]. Regardless, the composite coating containing CNTs
and epoxy has not been studied for using as the diaphragm
in thin panel speaker.

In this study, we self-developed a TTP technique to
prepare the diaphragm in thin panel speaker. TTP is a man-
ufacture through which coatings are bonded to the surface
of a transfer material at temperature from 80∘C to 120∘C
[9]. The composite paste of CNTs and epoxy was first roller-
pressed onto a polyethylene naphthalate (PEN) substrate to
reinforce the PEN, after which the backside of the PEN was
coated with hot melt adhesive (HMA). The fabricated TTP
paper (CNTs+epoxy/PEN/HMA) was cut into adequate size
and shape. Next, a TTP machine was used to locally or
fully press TTP paper onto a coarse paper to manufacture
a stiffened speaker diaphragm. Bian and Zhao reported that
Young’s moduli of CNTs decrease when the temperature
of the environment exceeds 200∘C [10]. In our study, the
proposed TTP stiffening technique does not require a high
curing temperature that decreases the mechanical property
of CNTs, and the TTP technique can stiffen a localized
area on a diaphragm substrate, thus increasing diaphragm
stiffness without markedly raising diaphragm weight; hence,
the inherent strength of CNTs was preserved. The resulting
CNT-based diaphragm exhibited increased stiffness, which
improved the bandwidth and sound quality of the speaker,
thereby markedly improving the overall smoothness of the
sound curve. Simultaneously, the weight was reduced and
the adhesion was also improved while using the CNT-
based diaphragm. Besides, in this study, the Taguchi quality
engineeringmethod [11, 12]was used tominimize the number
of experimental trials. The paper is relationship among
the manufacturing parameters including stiffening pattern,
coating direction, transfer area, and transfer temperature
of CNT-based diaphragm which have also been therefore
investigated.

2. Analysis and Experimental Procedure

2.1. Analysis on ANSYS. The finite element method (FEM)
is used in this study by the assistance of ANSYS PLANE-
42 element (Figure 1). PLANE-42 element is used for 2D
modeling for solid structures [13]. The element can be used
either as a plane element or as an axisymmetric element. The
element has plasticity, creep, swelling, stress stiffening, large
deflection, and large strain capabilities. The following steps
are used to construct our model.
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Figure 1: PLANE-42 element of ANSYS [13].

Step 1. Build the solid structure and the finite element model.

Step 2. Apply loads and obtain the solution.

Step 3. Review the stresses.

Step 4. Perform a design for optimization analysis.

Eventually, PLANE-42 element is applying the 2D mod-
ule to approximate the 3D module. It can effectively reduce
the computation time and accurately analyze the stress values.
The element is defined by four nodes having two degrees of
freedom at each node and is translated in the nodal x and y
directions. We can use these data to compute the shift, stress,
and angles.

This study assumes that the stress is maximized along
𝑥-axis. First the element type and the property of material
are defined to establish the finite element model. Second,
the necessary boundary conditions are given and the stresses
are resolved. Third, 𝜎

𝑥
is maximized for the nodes, which

are generated along the interface of the metallic material
(base) and the coating material (coating). Finally, the study
used ANSYS to analyzed the stress results for CNT-based
diaphragm.

2.2. Fabrication of TTP Paper and CNT-Based Diaphragm. In
this study, a PEN membrane was used as the substrate for
fabricating TTP paper. The front and back of the PEN were,
respectively, coated with CNT/epoxy and HMA to form the
TTP paper. The fabricated TTP paper was then thermally
transferred and printed onto a coarse paper to form a
diaphragm. Subsequently, the effect of diaphragm fabrication
on sound pressure curve smoothness was investigated, and
Taguchi quality engineering method was applied to identify
the optimal manufacturing parameters.

A PEN membrane was used as the substrate for fabri-
cating TTP paper. We first mixed 2∼3wt% CNTs (CF182C,
Advanced Nanopower Inc.) and epoxy (P859-1, Hong Guan
R&D Co.) as the CNTs/epoxy composite paste. In fact, the
CNTs with a density of 1.3∼1.4 g/cm3 (similar to the cotton)
are very fluffy and its volume is quite large. Although we
have also mixed 4∼5wt% CNTs and epoxy, the experiment
result indicates that it requires a much longer mixing time,
and the mixture has a high viscosity. This would lead to a
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Figure 2: Schematic CNT-based diagram of the (a) TTP paper and (b) TTP processes.

nonuniform surface of the TTP paper. As shown in Figure ??,
the TTP paper was fabricated by coating the front side of a
PEN membrane with CNTs/epoxy paste and then drying it
in an oven at 120∘C for 15min. After the CNTs/epoxy coating
layer was dried, the backside of PEN was coated with HMA
and was dried again in the oven at 80∘C for 10min to obtain
a TTP paper. The CNTs/epoxy coating was used to adjust the
thickness of TTP paper; in addition, manually roller-pressing
the CNTs/epoxy coating onto the TTP paper enabled evenly
spreading the coating onto the material surface.

After the fabrication of TTP paper, a TTP process was
used to thermally transfer and print the TTP paper onto
coarse paper to form a CNT-based diaphragm at an elevated
temperature. In this study, as shown in Figure ??, the resulting
TTP paper was first stacked onto the coarse paper diaphragm
and then subjected to a TTP process in a TTP machine.
The following steps of TTP process were illustrated in
Figure ??. After pressing to 0.2 kg/cm2 and heating at 80∼
120∘C for 10min, the fabrication of CNT-based diaphragm
was complete. This study also adopted cold cathode field
emission scanning electronmicroscope (FE-SEM; JEOL JSM-
740F, Japan) to observe the cross sections of the CNT-based
diaphragm.

2.3. Material Properties for Test Specimens. To obtain the
properties and strengths of the coarse paper, TTP paper,
and CNT-based diaphragm, three types of tensile specimen
geometry will be employed. The test specimen dimensions
are 12.5mm × 100mm. The material properties of laminated

composite face sheets and foam core where determined
from experiments conducted in accordance with the rele-
vant ASTM (D3039-79 and D3518-76) standards [14]. The
specimens should be mounted and tested in a properly
aligned and calibrated INSTRON-1332 test machine. Wedge
action friction grips of hydraulic grips will be used. Set the
crosshead rate at about 10mm/min. The strains and load
readings may be recorded continuously or at discrete load
intervals. If the discrete data are taken, a sufficient number
of data points must be recorded in order to reproduce the
stress-strain relation. At least 25 data points are needed in
the linear response region. Monitor all specimens to failure
and then determine the ultimate strengths and strains. Plot
the data for reduction. Establish the Young’s modulus and
Poisson’s ratio by a least square fit of the linear region. For
finding the mechanical properties and ultimate strengths
(strains), some specimens are tested statically to failure.
The stress-strain response of tensile coupon is monitored
with electrical resistance strain gauge in order to find the
intrinsic mechanical properties of the coarse paper, TTP
paper, and CNT-based diaphragm.Thematerial properties to
be measured include (i) Young’s modulus, (ii) Poisson’s ratio,
(iii) ultimate tensile stress (failure strength).

2.4. Panel Speaker Assembly. Figure 3(a) shows the Solid-
Works explosion diagram of the panel speaker. After various
speaker components were prepared and ready for assembly,
the fabricated CNT-based diaphragm was adhered to the
speaker surround, which was then assembled to the upper
frame as shown in Figure 3(b). The surround material
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Figure 3: (a) SolidWorks explosion diagram of the thin panel
speaker; (b) thin panel speaker assembly processes.

selected for our panel speaker was polyurethane (PU) with
the actual specification which is 30 × 20 × 10mm. PU was
placed into a surround mold and heat pressed in an oven
to form the speaker surround, which was then attached to
the diaphragm and voice coil. Subsequently, the vibration
exciter (voice coil) was attached at 90∘ perpendiculars to the
diaphragm. A shown in Figures 3(a) and 3(b), the exciter
was placed between the magnet and the magnet frame. The
magnets were placed above the washer to increase the mag-
netic flux. The speaker gives sound through the diaphragm
vibration that pushed by the voice coil. Most importantly,
the vibration exciter (voice coil) must be attached to the
central area of the diaphragm. Otherwise, sound distortion is
easily incurred. Once all the steps have been completed, the
adhesives were allowed to solidify for a day, after which the
sound pressure curve of the speaker can be measured.

2.5. Sound Pressure Curve Measurement and Analysis. To
avoid influencing the measurement results, sound pressure
curve must be measured in an anechoic chamber insulated
from external sources of noise; acoustical measurement sys-
tem and CLIO software analysis were employed inmeasuring
the sound pressure curve. In the CLIO software, the number
of points, bandwidth, and voltagewere defined.Themeasured
bandwidth was 20Hz∼20 kHz audible to the human ear
and was measured at a distance of 10 cm from the self-
developed panel speaker. Subsequently, after the input voltage
of the speaker was configured, the sound pressure curve and
data were measured. In the sound pressure curve, the value
difference (ΔdB) between curve valley and sound pressure
level (SPL) at 12∼18 kHz, high frequency dip difference value
(ΔdB), was used to identify the quality of the sound. A
minimum high frequency dip difference value (ΔdB) gives a
smooth sound pressure curve in the high frequency region
and a better sound quality.

2.6. Taguchi Quality Engineering. Because stiffening the
entire diaphragm may influence the overall sensitivity of
the speaker, we attempted to circumvent this problem by
performing optimization analysis using the Taguchi method.
Through the Taguchi approach, the optimal product design
objective or process can be determined to facilitatemitigating
the effects of confounding factors [11, 12]. This study investi-
gated the relationship among the manufacturing parameters
of CNT-based diaphragm (stiffening pattern, coating layers,
transfer area, and heat press temperature), and the Taguchi
equations representing the smaller-the-better (see (1)) char-
acteristics are shown as follows:

S/N = −10 log
10

∑
𝑛

𝑘=1

𝑌
2

𝑖

𝑛
. (1)

The selected manufacturing parameters of CNT-based
diaphragm were aimed at having a minimum high frequency
dip difference value (ΔdB) in the sound pressure curve of a
speaker, subsequently smoothing the sound pressure curve
in the high frequency region. Figures 4 and 5 present the
parameters obtained from the Taguchi method. Figures 4(a)
and 4(b) show the top and side view of the transfer area of the
TTP paper on coarse paper, respectively. Figure 5 illustrates
the stiffening patterns on the TTP paper and the coating
direction of 1 or 2 coating layers. Furthermore, the analysis
of variance (ANOVA) was also used to find the dominant
influence factors.

3. Results and Discussion

3.1. Comparison of ANSYS and Related Papers for Numerical
Example. The manufacturing parameters of coating materi-
als on a flat plate are the thickness of coating and the order of
plates. We compared our ANSYS results with other similar
researches. After that, we actually used the ANSYS model
for simulation.The material properties of metals and coating
materials are shown Table 1.

Shaw [2] indicated that the influencing factors of our
analysis are the composition gradient, the elastic module,
number of layers, thermal expansion coefficients, and so
forth. Shaw used functionally graded materials (FGM) and
multilayer composite material on thermal coating and ana-
lyzed the thermal residual stress. Since our study was similar
to Shaw’s results, we compared three materials of metal and
ceramic with Shaw’s results in Table 2.

Furthermore, Özel et al. [3] coated the advanced ceramic
on the metallic plate and minimized the stress as his goal.
We also use the stress objective proposed by Özel et al. as
our programming goal in this study. And different coating
materials, Si

3
N
4
, Al
2
O
3
, and TiC are coated on the W metal

plate by ANSYS methods so as to compare the thermal
stresses with Özel et al.’s results in Table 3. The fluctuation
between the analytic results from ANSYS method and pub-
lished practical results fluctuated from 1.42% to 7.66% with
a summarized average 4.31%. Therefore, the paper used the
ANSYS method into coarse paper and TTP paper interface
shear stress problem. Finally, we compare our ANSYS model
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Table 1: Material properties of metals and coating materials.

Materials

Properties

Young’s modulus 𝐸
(GPa) Poisson’s ratio ] Thermal conductivity, 𝐾

(W/m∘C)

Coefficient of thermal
expansion (CTE), 𝛼

(1/∘C)
Al 70 0.33 34 2.3 × 10−5

W 410 0.28 29 4.5 × 10−6

Diamond 1050 0.20 2 1.75 × 10−6

Si
3

N
4

230 0.26 28 3.5 × 10−6

Al
2

O
3

340 0.23 24 8.1 × 10−6

TiC 340 0.19 27 7.1 × 10−6

NiAl 103 0.17 5.3 14.6 × 10−6

Coarse paper

TTP paper
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Figure 4: (a) Top view of three types of transfer area; (b) side view
of three types of transfer area.
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Figure 5: Three types of stiffening patterns of the TTP paper.
Numbers present the coating direction of patterns containing 1 or
2 coating layers.

Table 2: Comparison of Shaw’s results and ANSYS.

Material
properties

Shaw [2]
𝜎
𝑥

(𝑐
𝑔

)

ANSYS
method
𝜎
𝑥

(𝑐
𝑑

)

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100%

I (MPa) 1745 1951.3 11.82%
II (MPa) 1715 1749.1 1.98%
III (MPa) 996.5 914.4 8.23%

Table 3: Compare the stresses’ decrease progressively with Özel et
al.’s results and ANSYS method.

Material
properties

Özel et al.
[3]
𝜎
𝑥

(𝑐
𝑔

)

ANSYS
method
𝜎
𝑥

(𝑐
𝑑

)

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100%

W + Si
3

N
4

−92% −95.56% 3.86%
W + Al

2

O
3

−136% −125.58% 7.66%
W + TiC −121% −119.27% 1.42%

Table 4: Comparing results with Han and Sun’s study and ANSYS.

Stress
Methods

Han and
Sun [15]
𝜎
𝑥

(𝑐
𝑔

)

ANSYS
method
𝜎
𝑥

(𝑐
𝑑

)

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100%

𝜎
𝑥

(MPa) 37 41.68 12.64 %

with Han and Sun’s study in Table 4. Han and Sun [15] used
the glass and alumni as his test base.

According to the aforementioned comparisons, we can
say that our ANSYS model is adequate to approximate the
actual thermal coating process. We also believe that the
ANSYS model is able to simulate the actual behavior of TTP
technology.

3.2. ANSYS Analyzed the Stress Results for CNT-Based
Diaphragm. The specimens are used by INSTRON-1332 test
machine to obtain Young’s modulus and strengths of the
coarse paper, TTP paper, and CNT-based diaphragm which
are shown in Table 5. The study compared CNT-based
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Table 5: Properties of coarse paper, TTP paper, and CNT-based diaphragm.

Materials
Properties

Thicknesses (mm) Young’s modulus 𝐸
(GPa)

Failure Strength
(MPa) Poisson’s ratio ] CTE, 𝛼 (1/∘C)

Coarse paper (𝐶
𝑔

) 0.210 2.14 32.51 0.28 2.3 × 10−6

TTP Paper 0.027 2.71 48.82 0.33 25.1 × 10−6

CNT-based diaphragm
(𝐶
𝑑

) 0.237 2.58 45.12 0.31 —

Differential
|(𝑐
𝑔

− 𝑐
𝑑

)/𝑐
𝑔

| × 100% — 20.56% 26.48% — —

Table 6: Mechanical properties of CNT-based diaphragm with
different TTP curing temperature.

Temperature

Properties

Thicknesses
(mm)

Young’s
modulus 𝐸
(GPa)

Failure strength
(MPa)

100∘C 0.245 2.23 35.51
120∘C 0.237 2.58 41.12
130∘C 0.237 2.59 41.08
140∘C 0.237 2.57 41.10

Table 7: Mechanical properties of TTP papers with different CNTs
wt%.

Wt%

Properties

Thicknesses
(mm)

Young’s
modulus 𝐸
(GPa)

Failure strength
(MPa)

3wt% 0.027 2.71 48.82
5wt% 0.032 2.68 48.75

diaphragm with coarse paper mechanical properties which
is increased 20.56% with Young’s modulus results in Table 5.
This study developed a TTP technique to fabricate a CNTs
stiffened coarse paper which could be manufactured speaker
diaphragm.

The thermosetting resins with a curing temperature of
120∘Cwere used in this study. After curing at 120∘C, a network
structure was formed in the resin by intermolecular cross-
linking. Moreover, the resin was not softened even though
the reheating treatment was performed. Therefore, self-
developed TTP stiffening technique does not require high
curing temperature. The experiment results on mechanical
properties of CNT-based diaphragm with different TTP cur-
ing temperature are shown in Table 6. It reveals that the CNT-
based diaphragm with the 120∘C curing temperature has
good mechanical properties. Additionally, the mechanical
properties of TTP papers with different CNTs wt% (3wt%
and 5wt%) are summarized in Table 7. It is obvious that these
two TTP papers have almost the samemechanical properties.
Therefore, we used 3wt% CNT/epoxy coating onto the TTP
papers which could reduce the cost and has the uniform
coating surface.

TTP
paper

Coarse
paper0.

24
m

m

30mm
X

Y

Z

Max 𝜎xy

Figure 6: Module of finite element method (FEM) with structure of
CNT-based diaphragm.

We also believe that the ANSYS model (see Figure 6) is
able to simulate the actual behavior of CNT-based diaphragm
(model’s dimension is 30 × 0.24mm) with TTP temperature
at 80∘C, and our simulated results are available in Table 8.
The study compared shear stress result with coarse paper
and TTP failure strength; the shear stress is less than 166.6∼
299.8% of the breaking strength of the coarse paper and
TTP material which is safe in transfer interface. This study
used the numerical analysis software (ANSYS) to analyzed
the stress and thermal of work piece which have not been
delaminated problems in transfer interface. The materials
with the higher failure strength could allow the shear stress
at high temperatures, which did not produce the peeling
problem in the transfer interface.

3.3.Microscopic Structure of CNT-BasedDiaphragm. Figure 7
presents the sectional images of the CNT-based diaphragm.
For a conventional speaker diaphragm fabrication, a PEN
pasted on the coarse paper directly. By using the TTP process,
as shown in Figures 7(a) and 7(b), the hot melt layer diffuses
into the coarse paper and gives an enhanced adhesion.
Figure 7(b) shows the enlarged photo of Figure 7(a). On the
images, arrows represent the material structure in various
regions of the diaphragm. It was observed that CNTs/epoxy
coating was evenly applied onto the diaphragm. The coated
coarse paper presented more grooves and deeper grooves
of uneven depth than the coated PEN paper did, primarily
because the coarse paper contained a mixture of fibers. In
addition, the FE-SEM images revealed that the CNTs/epoxy
coatings on the coarse paper and PEN side of the paper were
evenly distributed on the coating material, indicating that
the coating was evenly and favorably dispersed.The sectional
FE-SEM images show that the TTP paper is tightly bound
to the coarse paper substrate, exhibiting an even thickness
approximating 269.5 𝜇m.
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Table 8: Comparing results with ANSYS method and material failure strength.

Shear stress
Methods

ANSYS
analysis result (𝐶

𝐴

)
Coarse paper failure

strength (𝐶
𝑐

)
TTP paper failure
strength (𝐶

𝑇

)
Differential

(𝑐𝐶 − 𝑐𝐴) /𝑐𝐴
 × 100%

Differential
(𝑐𝑇 − 𝑐𝐴) /𝑐𝐴

 × 100%
𝜎
𝑥𝑦

(MPa) 12.2 32.51 48.82 166.3% 299.8%

Coarse paper

TTP paper

CNT-based diaphragm

(a)

Coarse paper

TTP paper

Coarse paper + HMA

(b)

Figure 7: FE-SEMsectional images of (a) the self-developed speaker
diaphragm. (b) is the enlarged photo of (a).

3.4. Taguchi Quality Engineering: OptimalHigh FrequencyDip
Difference Value (ΔdB). This high frequency dip difference
value primarily influences the smoothness and bandwidth
of the curve; a small valley difference indicates large sound
range, which increases the clarity of the speaker’s midfre-
quency and high frequency sounds. Therefore, the minimal
high frequency dip difference value is desirable. As shown
in Table 9, the Taguchi quality engineering method was
used to minimize the number of experimental trials, and
the applicable orthogonal array was selected according to the

Table 9: Taguchi-selected factors.

Factors Level
1 2 3

𝐴 Transfer area 1/2 3/4 1/1
𝐵 Stiffening pattern Unidirectional 90∘ cross 45∘ angle
𝐶 Coating layers No 1 layer 2 layers
𝐷 Transfer temperature 80∘C 100∘C 120∘C

−40.00

−38.00

−36.00

−34.00

−32.00

−30.00

−28.00

−26.00

A1 A2 A3 B1 B2 B3 C1 C2 C3 D1 D3D2

Transfer area
Stiffening pattern

Coating layers
Transfer temperature (∘C)

Figure 8: Main effect diagram of the high frequency dip difference
(ΔdB).

controllable factors and level numbers. To obtain a minimal
difference value, the smaller-the-better characteristic was
used to determine the optimal manufacturing parameters as
listed in Table 10.

Table 11 presents the cause and effect table, showing the
ranking of each experimental factor according to its level of
contribution. As shown in Figure 8, the main effect diagram
reveals that a factor with a steep slope critically influences the
overall experimental results. The crucial factors influencing
the high frequency dip difference in the sound pressure
curve, in order from highest to lowest level of contribution,
were transfer area, coating layers, transfer temperature, and
stiffening pattern. By using the ANOVA analysis, significant
manufacturing parameters can be easily obtained in this
study. The criteria of significant manufacturing parameters
are cumulating the contribution ratio to 99.8%. The ANOVA
analysis for high frequency dip difference was listed in
Table 12 and was plotted as in Figure 9. Specifically, the
transfer area has the greatest influence (68.5%), followed by
the coating layers (25.5%), transfer temperature (4.7%), and
stiffening pattern (1.1%). As a result, to obtain the minimal
high frequency dip difference value, transfer area and coating
layers are the dominant parameters with contribution at 68.5
and 25.5%, respectively.
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Table 10: Smaller-the-better L
9

orthogonal array.

Number Factors ΔdB values SN
𝐴 𝐵 𝐶 𝐷 𝑌

1

𝑌
2

𝑌
3

1 1/2 Unidirectional No 80 2.62 2.67 2.66 −8.4652
2 1/2 90∘ cross 1 layer 100 3.19 3.15 3.11 −9.9667
3 1/2 45∘ angle 2 layers 120 2.59 2.5 2.62 −8.2004
4 3/4 Unidirectional 1 layer 120 4.39 4.42 4.51 −12.948
5 3/4 90∘ cross 2 layers 80 3.21 3.19 3.14 −10.0489
6 3/4 45∘ angle No 100 3.61 3.66 3.62 −11.1983
7 1/1 Unidirectional 2 layers 100 3.56 3.53 3.59 −11.0292
8 1/1 90∘ cross No 120 4.31 4.37 4.28 −12.7100
9 1/1 45∘ angle 1 layer 80 4.27 4.26 4.29 −12.6154

Table 11: Cause and effect table of the high frequency dip difference
(ΔdB).

Level Factors
𝐴 𝐵 𝐶 𝐷

Level 1 −26.6323 −32.4426 −32.3735 −31.6555
Level 2 −34.1954 −32.7256 −36.0563 −32.1942
Level 3 −36.8806 −32.0140 −29.2785 −33.8586
Influence
quantity 10.2483 0.2829 6.7778 2.2031

Ranking 1 4 2 3

Table 12: Degree of influence of each factor in terms of percentages
for the high frequency dip difference (ΔdB).

Factors 𝑆
𝑘

𝑉
Influence
percentage

Progressive
percentage

𝐴 Transfer area 18.8267 9.4133 68.5% 68.5%
𝐶 Coating layers 7.6756 3.8378 25.5% 94.0%

𝐷
Transfer

temperature 0.8794 0.4397 4.7% 98.7%

𝐵
Stiffening
pattern 0.0138 0.0069 1.1% 99.8%

As the optimal manufacturing parameters are not
included in the L

9
orthogonal array, the optimal manufactur-

ing parameters to attain a stiffened speaker diaphragm with
minimal high frequency dip difference value was determined
by selecting the maximum points from the main effect
diagram of Figure 8. As a result, the optimal parameter com-
bination obtained using the Taguchi method was 1/2 transfer
area, 45∘ angle ply stiffening pattern, 2 coating layers, and
80∘C HMA transfer temperature. The 45∘ angle ply stiffening
pattern has the highest coating area on the PEN surface and
leads to a better stiffness. Furthermore, only half area of the
diaphragm was coated with CNTs/epoxy composite and the
weight of the diaphragmwas significantly reduced.Therefore,
a CNT-based diaphragm was fabricated using the optimal
parameter and named as number 10. Figure 10 compares the
sound pressures curve of the speakers produced using two
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Figure 9: Pareto chart of the high frequency dip difference (ΔdB).

different CNT-based diaphragms, number 3 and number 10.
The number 3 CNT-based diaphragm exhibits the smallest
high frequency dip difference value of the sound pressure
curve among the nine diaphragms fabricated form Table 10.
The black and red dashed lines and arrows in Figure 10
indicate the high frequency dip difference of number 3 and
number 10 diaphragms, respectively. The number 10 CNT-
based diaphragm produced a high frequency dip differ-
ence (0.98 dB) smaller than that of number 3 diaphragm
(2.56 dB), improving the high frequency dip difference by
61.72%. Except high frequency region, number 10 CNT-
based diaphragm shows a smaller dip difference at high
frequency. As shown in Figure 10, the blue dashed line and
arrow indicates the dip difference of number 10 CNT-based
diaphragm. As a result, at high frequency region, number 10
CNT-based diaphragm shows a small dip difference and a
delayed peak frequency as compared to number 3CNT-based
diaphragm.

Actually, the medium-low frequency and high frequency
of voices could be both controlled by Young’s modulus
and stiffness of CNT-based diaphragms and then show
the powerful voices. For panel speakers, the CNT-based
diaphragms with a high stiffness would result in clear and
smooth sound pressure curve at the 20Hz∼20 kHz. However,
the sound properties including the sound pressure curve and
the frequency range could be not affected by the strength and
the shear stress properties of CNT-based diaphragms.
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Figure 10: Comparison of high frequency dip difference values of
the sound pressure curves.

4. Conclusion

This study uses laminate plate theory to analyze the thermal
transfer printing technology by the assistance of ANSYS.The
analytic results fromANSYSmethod are found to be superior
to results from other studies, showing that the proposed
hypothesis is valuable. The TTP paper is manufacturing
CNT-based diaphragm which has not been delaminated
problem in transfer interface for the analytic results from
ANSYS method.

Following various experiments and measurements,
sound pressure curves were analyzed using the Taguchi
method to determine the crucial manufacturing parameters
for a TTP technique. The results verified that the CNT-based
diaphragm fabricated using the proposed TTP method
improved the sound pressure curve smoothness of a panel
speaker. Moreover, the Taguchi method was used to effec-
tively identify the optimal manufacturing parameters and the
most influential factors. The empirical experiments conduct-
ed in this study confirmed that the optimal manufacturing
parameters can be used to obtain theminimal high frequency
dip difference.

According to the ANOVA analysis, the significant con-
tribution percentage for having the minimal high frequency
dip difference was also investigated. For the high frequency
dip difference, it was found the transfer area has the greatest
influence (68.5%), followed by the coating layers (25.5%),
transfer temperature (4.7%), and stiffening pattern (1.1%).

Using the Taguchi quality engineering method, the opti-
mal manufacturing parameters combination for achieving
minimum high frequency dip difference composed of a 1/2
transfer area, 45∘ angle-shaped stiffening pattern, 2 layers of
coating, and a transfer temperature of 80∘C. It was observed

that the CNT-based diaphragm andTTP technique improved
the smoothness of the sound pressure curve, and the optimal
manufacturing parameters enabled fabricating a speaker
that produced a high frequency dip difference of 0.98 dB
(improving the difference values by 61.72%).
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