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Composite tape winding is an important forming process of composite materials, which can ensure good performance of
composite products. Selection and control of key process parameters in the winding process have a great influence on the
properties of products, such as void content and residual stress of products./rough experimental analysis, the residual stress and
void content of the composite products are not the minimum when the prepreg winding process is carried out by using the
empirical process parameters. To solve this multiobjective optimization problem, experiments were conducted using the
Box–Behnken design. /e multiobjective optimization problem is converted to a single-objective problem using grey relational
analysis (GRA). Principal component analysis (PCA) is used to quantify the relative contributions of residual stress and void
content. Regression analysis of grey relational grade (GRG) based on the experimental data was used to develop a second-order
GRG prediction model. /e winding process parameters were optimized with response surface methodology (RSM), and the
winding experiments were carried out with these parameters. /e experimental results show that the best combination of process
parameters yields the best GRG results with better void content and residual stress.

1. Introduction

Due to good mechanical, chemical, and physical properties,
composite materials are increasingly used. Advanced resin
matrix composites have been widely used in themanufacture
of solid rocket motor nozzles, parts of ablation and thermal
protection materials, launch tubes, and special equipment
for the spacecraft. /ey have many advantages including low
density, high strength and stiffness ratios, good corrosion
resistance, and ease of integral molding [1–3]./e properties
of composite prepreg tape winding products depend on the
properties of the materials themselves, molding process
parameters, and control accuracy. /erefore, controlling the
winding process and the process parameters is the key to
ensuring the products have the desired properties. /e main
parameters in the composite prepreg tape winding process
include winding temperature, tension, force, and winding
speed [4–8]. An adaptive genetic algorithm with minimum
product weight is proposed in [9, 10], and RSM (RSM is a

statistical method to solve multivariable problems, multiple
quadratic regression equations which are used to fit the
functional relationship between factors and response values,
and through the analysis of regression equations to find the
optimal process parameters) is used to predict the strength
reliability of the composite material in high-pressure hy-
drogen storage vessels. One study analyzed the coupling
mechanism in composite material winding process pa-
rameters and presented a quadratic regression model for the
interlaminar shear strength based on RSM, yielding the
optimal combination of process parameters [11]. In [12], a
hybrid neural network is used to determine the optimal
curing time, which can ensure complete curing of composite
products.

One can see from the literature that prior research
mainly focused on single-objective optimization, but the
filament winding products have multiple objectives to be
evaluated. GRA is a method of multivariate statistical
analysis. In general, we want to understand the strength of a
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project affected by other factors in a grey system. In [13–16],
GRA is introduced to solve complex relations between
multiple factors and variables. GRA has been successfully
applied in many engineering fields, such as welding [17, 18],
high-speed machining [19–22], mechanical design of posi-
tioning platforms [23, 24], and wire electrical discharge
machining [25–30].

/e primary work in this paper includes calculating grey
correlation coefficients (GCCs) between residual stress and
porosity based on experimental data. GRG can be subse-
quently obtained using a weighting method. A second-order
prediction model for GRG is established based on experi-
mental data with the use of RSM. /e influence of process
parameters on GRG is analyzed, and the optimum combi-
nation of process parameters is obtained and verified
through experiments. /e results in this paper show that a
particular multiobjective problem can be transformed into a
single-objective problem using GRA. /e optimum com-
bination of process parameters in the composite prepreg
tape winding process can be subsequently determined, and
the residual stress and void content of composite products
can be controlled.

2. Experiment Procedure and Results

2.1. Composite Prepreg TapeWinding Process. In the process
of composite tape winding, tension is a key process pa-
rameter. Tension is applied with a magnetic powder brake
during the winding process. Tension can straighten the
prepreg winding so that the fiber can bear the load evenly.
/e applied tension can remove air bubbles, make the
winding products more compact, and facilitate resin pen-
etration. In the winding process, the core mold rotates at a
constant speed, and the resin is heated to the melting state by
the hot pressure roller and the hot blower. As shown in
Figure 1, heat comes from the internal heating wire in the
hot pressure roller, which helps reduce the resin speed and
increase the degree of contact between the layers. In the
melting zone, the hot pressure roller exerts positive force on
the tape layer, causing the prepreg tape and the tape layer to
come into close contact. On the contrary, it helps reduce
void content by reducing bubbles between interlayer
contacts.

/e winding of the prepreg tape is essentially a process of
continuous fusion between the prepreg tape and the base
layer. When a certain winding pressure and temperature are
applied to the winding layer and prepreg, the surface ge-
ometry will be deformed, as shown in Figure 2. /e self-
bonding process begins when the winding layer is in close
contact with the prepreg surface. After a period of time, the
polymer chain penetrates completely and entangles with the
adjacent interface so that the matrix on the interface forms
the bulk polymer again, and the two surfaces are fully
integrated.

2.2. Experimental Procedures. A KUKA robot (XGD-1200)
(KUKA, Augsburg, Germany) is the primary piece of
equipment used in our experiments, as shown in Figure 3. In

order to ensure the control accuracy of the winding process,
a high-precision deviation correction control system and
layered superposition winding are used in the experiment.
Circumferential winding experiment is carried out with the
orthogonal prepreg tape. T300/epoxy orthogonal prepreg
tape is purchased from Daobo Composites Co., Ltd., Xi’an,
China. /e winding mandrel is a 45 steel cylinder which is
150mm in external diameter and 1200mm in length. /e
parameters of the prepreg tape are fiber volume fraction,
tape width, and tape thickness, which are 56± 2%, 80mm,
and 0.25mm, respectively. In this experiment, the ambient
temperature is 20± 2°C, and the relative humidity is 25± 2%.
/e curing process has a great influence on the properties of
the products. During the curing process, the heating rate is
kept at 2.5°C/min. When the curing temperature reaches
150°C, it is needed to keep heating for 150 minutes, and the
curing pressure is 0.15MPa.

2.3. Sample Preparation and Measurement Method

2.3.1. Residual Stress. In the process of composite prepreg
winding, due to the deformation of the product, the residual
stress is inevitable. Residual stress is a key index to evaluate
the properties of composite products, which is selected as
one of the optimization objectives. When examining re-
sidual stress in composite annular parts, a slot is cut along
the radial direction, and the slot position will change due to
the residual stress moment. Figure 4 shows the change in slot
displacement after closure of the compound ring, which can
be measured with an electron microscope. /e circumfer-
ential residual stress in the composite ring can be calculated
with the following equations [31, 32]:
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where r is the current position, Δ is the total displacement of
the slot, Mr is the bending moment per unit width, E is the
circumferential elastic modulus, and Ra and Rb are the inner
and outer radii, respectively.

/e magnitude of the residual stress is the average value
of the composite outer and inner rings, which can be defined
as follows:
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σθ r � Ra( 
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2.3.2. Void Content. Voids in composite tape winding
products are defects that principally exist between tape
layers due to residual air bubbles, resin flow, and sufficient

2 Mathematical Problems in Engineering



compaction during resin flow. Density measurements, mi-
croscopy [33–39], ultrasonic attenuation [40], and X-ray
computed tomography [41] can be used to measure void
content. /e electronic micrograph method has the highest
porosity detection accuracy, which is specified by GB/
T3365-2008 [42]. /e specimen is sampled and observed at

the marked position, as shown in Figure 5. /e samples are
cut on the composite ring product, with a length, width, and
height of 20mm, 10mm, and 10mm, respectively. /e
samples are ground and polished under flowing water, then
the polished specimen is observed under a microscope, and
the process of measuring void content is shown in Figure 6.
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Figure 3: Composite tape winding robot (XGD-1200).
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/e calculation formula of void content is shown in the
following equation:

X �
Sv
A

× 100%, (4)

where X is the void content,A is the cross-sectional area, and
Sv is the total void area of the sample.

2.4. Experiment Results. Temperature, winding speed, roller
force, and winding tension are taken as the independent
experimental variables, and residual stress and porosity are
the response variables and design variable values according
to actual working conditions./e four-factor and three-level
BBD experiment design method was used to reduce costs.
BBD is a response surface design type, which does not
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include embedding factor or partial factor design. BBD
usually has fewer design points, and each factor always has 3
levels. According to the actual production experience, the
temperature setting range is 50–100°C. When the prepreg
tape temperature is lower than 50°C, the resin matrix is
difficult to reach themelting state, and when the temperature
is too high, it will easily lead to early curing of the resin. /e
pressure setting range is 1000–2000N; when the pressure is
less than 1000N, the contact between the laminate and
prepreg tape is not enough, and when the pressure is too
large, the winding products will be deformed. /e setting
range of tension is 100–500N; too small tension will increase
the number of air bubbles between layers, and too large
tension will lead to the fracture of the prepreg tape. /e
speed setting range is 5–15 rpm, and too fast winding speed
is not conducive to machining. /e designed level of process
parameters is shown in Table 1, and the experimental results
are shown in Table 2.

3. Grey Relational Grade Calculation from
Experimental Data

3.1. GRG Calculation Process

Step 1: experimental void content and residual stress
data were collected and used to carry out a standardized
treatment. Composite tape winding products with
lower void content and residual stress are desirable.
/erefore, the experimental data can be expressed as
follows:

x
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where xo
i (k) is the original sequence, x∗i (k) is the

comparison sequence, k� 1, 2, . . ., n, i� 1, 2, . . .,m, and
n andm are the total number of response variables and
experimental runs.
Step 2: the grey correlation coefficient can be calculated
by the following equation:
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where Δ0i(k) is the deviation sequence, x∗0(k) is the
reference sequence, and ζ ∈ [0, 1] is the distinguishing
coefficient.
Step 3: calculation of the weight value for response
variables: in this paper, the contributions of void

content and residual stress are quantified by PCA. /e
calculation process is expressed as follows:

(a) Establishing the original sequence of various
quality characteristics:

x �
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wherem is the number of experiments, n is the number
of response variables, and x is the grey correlation
coefficient of each response variable.

Table 1: Level of process parameters.

Experimental
parameters Symbol Unit

Level of experimental
parameters

Level 1 Level 2 Level 3
Temperature A °C 50 75 100
Tension B N 100 300 500
Force C N 1000 1500 2000
Velocity D rpm 5 10 15

Table 2: Experiment and measurement results.

No.
Process parameters Objective value

A B C D Residual stress
(MPa)

Void content
(%)

1 100 100 1500 10 12.12 0.97
2 75 500 1500 15 20.05 1.56
3 75 300 1500 10 13.26 0.33
4 75 300 1500 10 13.53 0.44
5 75 100 1000 10 11.97 1.58
6 75 100 1500 15 15.31 0.98
7 75 300 2000 15 18.94 1.06
8 100 300 1500 15 16.98 0.58
9 75 500 2000 10 18.85 1.01
10 75 500 1500 5 19.71 0.33
11 100 300 2000 10 15.19 0.55
12 75 300 1000 5 16.82 1.19
13 75 100 1500 5 13.72 1.01
14 100 300 1000 10 14.74 1.26
15 75 100 2000 10 12.96 0.89
16 75 300 1500 10 13.28 0.45
17 50 300 1000 10 14.1 2.12
18 75 500 1000 10 17.14 1.96
19 75 300 1500 10 12.83 0.35
20 75 300 2000 5 17.54 0.65
21 75 300 1000 15 17.74 1.94
22 50 100 1500 10 10.74 1.19
23 75 300 1500 10 13.29 0.47
24 50 300 1500 5 17.73 2.19
25 100 300 1500 5 17.03 0.27
26 50 300 1500 5 15.98 0.81
27 50 300 2000 10 15.13 1.59
28 100 500 1500 10 17.12 0.33
29 50 500 1500 10 17.71 1.65
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(b) Calculation of the correlation coefficient array:

Rjl �
Cov xi(j), xi(l)( 

σxi(j) × σxi(l)
 , (8)

where Cov(xi(j), xi(l)) is the covariance of xi(j) and
xi(l) and σxi(j) and σxi(l) are the standard deviations
of xi(j) and xi(l).
(c) Computation of eigenvalues and eigenvectors: λk

can be obtained by the following equation:

λkIm − R


 � 0, (9)

where Im is the identity matrix and the eigenvalues λk

are arranged in the ascending order, i.e., λ1 ≥ λ2
≥ · · · ≥ 0, k� 1, 2, . . ., n.
(d) Calculation of weight of the principal component:
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Generally, λ1 and λ2 are called the first and second
principal components if Nk > 85%, respectively.

Step 4: calculation of the grey relational grade: GRG is
the weighted sum of the grey relational coefficient and
can be calculated by the following equation:
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where 
n
k�1 βk � 1, and βk is the weight of the kth

response variable and determined by PCA.

3.2.Results forGRA. Principal component analysis for weight
values and results for GRA are provide in Tables 3 and 4.

4. The Grey Relational Grade Prediction Model

According to PCA for weight values as shown in Table 3 and
results for GRA as shown in Table 4, a mapping relation
between the process parameters and the GRG can be
established. Generally, a second-order mathematical re-
gression model in response surface methodology is used to
determine the relationship between the response variable
and the input factor. /e second-order GRG model for the
winding process parameters can be expressed as follows:
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where y is the estimated GRG value, yi is a winding process
parameter, ε is the experimental error, and each ρ is a
second-order regression coefficient./e second termmodels
a linear effect, the third term models an interaction effect,
and the fourth term models second-order effects.

GRG prediction model is based on regression analysis of
experimental data using Minitab software. A comparison

between the predicted and calculated GRG values is shown
in Figure 7. Figure 7 shows that the predicted GRG value is
very close to the calculated value, with an average deviation
of 1.22%./us, there is no significant difference between the
predicted value and the calculated value. /e residual error
in the prediction model is shown in Figure 8, which shows
that residual errors are randomly distributed near zero
without abnormal points. /us, the prediction model is a
good fit to the experimental data. Analysis of variance
(ANOVA) results for the prediction model are shown in
Table 5. One can see from the results in Table 5 that the
coefficients of determination (R-Sq and R-Sq (adj)) are very
close, indicating that the model is very reliable and accurate.
/e prediction model is shown in the following equation:

y � −1.395+0.00945A −0.000461B +0.001756C

+0.1097D −0.000143A
2

−0.000001B
2

−0.000001C
2

−0.006405D
2

+0.000018AB +0.000002AC

+0.000471AD −0.000074BD −0.000002CD.

(13)

5. Multiresponse Parameter Optimization and
Experimental Verification

5.1. Analysis on Parameter Influence Laws. If the GRG is
larger, the response variable will be better. Correspondingly,
when the average GRG value for each process parameter is
the largest, the response variable is the best. Table 6 shows
that the optimal level of temperature is level 3 (100°C), the
optimal level of tension is level 1 (100N), the optimal level of
force is level 2 (1500N), and the optimal level of rotation
speed is level 2 (10 rpm). /e difference between minimum
and maximum values shows that tension has the greatest
impact on the multiobjective response followed by the in-
fluence of speed, force, and temperature. Figure 9 also shows
that tension has the greatest impact on residual stress, while
the impact of temperature is minimal. /e aforementioned
parameter combination yields products with minimum
residual stress.

Figure 10 shows that temperature and force have a great
impact on void content, while the impact of tension is
minimal./e parameter combination yielding products with
minimum void content is 50°C temperature, 100N tension,
1000N force, and 15 rpm rotation speed. /e influence of
process parameters on GRG is given by the weighted sum of
residual stress and void content. /erefore, the influence of
process parameters on residual stress and void content can
be determined by examining changes in the GRG value, and
residual stress and void content can be optimized by opti-
mizing GRG.

Table 3: Principal component analysis for weight values.
Principal component Eigenvalue Contribution (%)
Residual stress 1.1013 55.1
Void content 0.8987 44.9
Total 100
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Table 4: Results for GRA.

No. Comparison sequence Deviation sequence GRC GRG
x∗i (RS) x∗i (VC) Δ0i (RS) Δ0i (VC) GRC (RS) GRC (VC)

1 0.851772 0.655914 0.148228 0.344086 0.771334 0.592357 0.690973
2 0 0.338709 1 0.661290 0.333333 0.430555 0.376986
3 0.729323 1 0.270676 0 0.648780 1 0.806478
4 0.700322 0.940860 0.299677 0.059139 0.625251 0.894230 0.746023
5 0.867883 0.327956 0.132116 0.672043 0.790994 0.426605 0.627383
6 0.509129 0.650537 0.490870 0.349462 0.504607 0.588607 0.662323
7 0.119226 0.607526 0.880773 0.392473 0.362115 0.560240 0.451074
8 0.329752 0.865591 0.670247 0.134408 0.427260 0.788135 0.589293
9 0.128893 0.634408 0.871106 0.365591 0.36466 0.577639 0.500292
10 0.036519 1 0.963480 0 0.341651 1 0.607724
11 0.522019 0.881720 0.477980 0.118279 0.511257 0.808695 0.644807
12 0.346938 0.537634 0.653061 0.462365 0.433628 0.519553 0.472208
13 0.679914 0.634408 0.320085 0.365591 0.609692 0.577639 0.595300
14 0.570354 0.5 0.429645 0.5 0.537839 0.5 0.520849
15 0.761546 0.698924 0.238453 0.301075 0.677090 0.624161 0.653325
16 0.727175 0.935483 0.272824 0.064516 0.646977 0.885714 0.754170
17 0.639097 0.037634 0.360902 0.962365 0.580786 0.341911 0.473531
18 0.312567 0.268817 0.687432 0.731182 0.421076 0.406113 0.414358
19 0.775510 0.989247 0.224489 0.010752 0.334769 0.978947 0.819814
20 0.269602 0.827956 0.730397 0.172043 0.406372 0.744 0.557967
21 0.248120 0.134408 0.751879 0.865591 0.399399 0.366141 0.384466
22 1 0.537634 0 0.462365 1 0.519553 0.784279
23 0.726100 0.924731 0.273899 0.075268 0.646079 0.869158 0.746241
24 0.249194 0 0.750805 1 0.399742 0.333333 0.369924
25 0.324382 0.763440 0.675617 0.236559 0.425308 0.678832 0.539140
26 0.437164 0.741935 0.562835 0.258064 0.470439 0.659574 0.555361
27 0.528464 0.322580 0.471535 0.677419 0.514648 0.424657 0.474242
28 0.314715 1 0.685284 0 0.421839 1 0.681433
29 0.251342 0.290322 0.748657 0.709677 0.400430 0.413333 0.406223
Notes: Δ0i: deviation sequence; x∗i : comparison sequence; GRC: grey relational coefficient; RS: residual stress; and VC: void content.
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Figure 7: Comparison chart of the experimental value and the predicted value of GRG.
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5.2. Optimal Parameters. /e GRG prediction model is
analyzed using the response optimizer in Minitab software.
Figure 11 shows that the optimal GRG is 0.8106 as calculated
with the weighting method, and the optimal parameter
combination is 70.20°C temperature, 100.08N tension,
1515.15N force, and 10.25 rpm rotation speed. Figure 12
shows that the optimal GRG value is 0.8077 when calculated
with the equal weight method, and the optimal parameter
combination is 78.789°C temperature, 237.37N tension,
1555.55N force, and 9.545 rpm rotation speed.

5.3. Experimental Verification. Once the optimum combi-
nation of process parameters is determined, a confirmation
experiment is conducted to validate the optimal solution.
/e results of the eighth experiment are used as the com-
parative group. Table 7 shows the comparison of winding
experimental results between the initial parameter values
and the optimum process parameters. /e results show that

the proposed method can effectively reduce the residual
stress and the void content of the composite winding
product.

/e winding experiment is carried out with parameter
combination calculated by the weighting method and pa-
rameter combination calculated by the equal weight method.
Table 8 shows that the equal weight optimization parameter
combination produces lower residual stress, but the void
content in the product is greater than 0.95%. In order to
ensure the mechanical properties of composite products, the
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Figure 8: Residual plot for the GRG prediction model.

Table 5: ANOVA for the response surface model.
Source DF SS MS F F0.01
Regression model 14 0.512881 0.036634 52.26 3.698
Error 14 0.009813 0.000701
Total 28 0.522695

Standard deviation R-Sq� 98.12% R-Sq (adj)�

96.25%
Notes: DF: degree of freedom; SS: sum of square; MS: mean square; and SD:
standard deviation.

Table 6: /e average grey relational grade of each parameter.
Process parameters Temperature Tension Force Speed
Level 1 0.5105 0.6689 0.4821 0.5446
Level 2 0.5985 0.5826 0.6312 0.6320
Level 3 0.6110 0.4978 0.5469 0.4723
Max-min 0.0905 0.1701 0.1491 0.1597
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void content should be kept at a low value, especially for
special aeronautical parts. /e experimental results show
that the weighted method is better than the equal weight
method in the winding process.

6. Conclusion

(1) /e optimization of composite tape winding process
parameters is a multiparameter input and multiobjective

response. A procedure integrating the Box–Behnken
design, RSM, and GRA is used to predict the optimal
process conditions for reducing the residual stress
and void content in composite products.

(2) /e GRG prediction model was established using
Box–Behnken design based on experimental data.
ANOVA results show that the prediction model is
reliable and significant. /e optimal combination of
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Figure 11: Optimal process parameter combination (weighting method).
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Figure 12: Optimal process parameters (equal weight method).

Table 7: Comparison between the initial and optimum process parameters.

Initial process parameter value Optimal process condition Improvement (%)Prediction Experimental value
Temperature (°C) 75 70.02 70.02
Tension (N) 300 100.08 100.08
Force (N) 1500 1515.15 1515.15
Velocity (rpm) 10 10.25 10.25
Residual stress (MPa) 13.29 11.12 16.3
Void content (%) 0.47 0.38 19.1
GRG 0.7462 0.8106 0.8123 8.8

Table 8: Experimental results of different process parameters’ combination.
Experimental scheme A B C D Residual stress (MPa) Void content (%)
Equal weight method 78.78 237.3 1555 9.545 9.68 0.96
Weighting method 70.02 100.08 1515 10.25 11.12 0.38

Mathematical Problems in Engineering 9



process parameters was found to be 70.02°C tem-
perature, 100.08N tension, 1515.15N force, and
10.25 rpm winding speed. /e predicted results are
in good agreement with the experimental results.
Residual stress and void content can be improved by
using optimized parameter combination to carry out
the winding process.

(3) Comparing the experimental results of weighted
optimal parameter combination and equal weight
optimal parameter combination, the experimental
results show that GRA based on equal weight has
some limitations in optimizing the parameters of the
composite tape winding process, and the weighted
GRA method proposed in this paper has obvious
advantages.
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