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Abstract

Rule of Mixtures (RoMs) is a theoretical hypothesis that describes the 
mechanical properties of the fiber-reinforced composites. RoMs provides the 
relevant parameters based on the complexity of the reinforcing materials. 
However, even if the continuous unidirectional fiber is used as a reinforcing 
material, its mechanical performance in the composite is also limited.

In this paper, the reliability of RoMs was evaluated and the verifiable sample 
was designed with the 3D printing technology. The difference between the actual 
measured value and the theoretical prediction value was compared, and the 
factors influencing the reliability of RoMs were analyzed. Based on the results, 
the strength of the fiber bundles in the composite materials had decreased 
significantly. The fiber had only enhanced the axial force of fiber-reinforced 
composites while the Poisson’s ratio of the components in the composite had not 
been consistent. These influencing factors could provide some references for 
understanding the mechanical mechanism of the fiber-reinforced composites, 
bringing the enhancement effect and perfecting the theoretical hypothesis.

Keywords: High-tech fiber; 3D printing; Rule of mixtures; Mechanical 
property

oftentimes studied as short fiber reinforcements. Ku et al., evaluated 
the RoMs reliability for natural fiber-reinforced composites [11]. 
Regarding the selection of the matrix material, thermosetting resin 
has been seen with high fluidity and can be better contacted with 
reinforcing material to improve the stability of the composites. The 
commonly used thermoplastic materials have better thermal and 
mechanical properties but their high viscosity can damage the order 
arrangement of fibers, making them unsuitable for the matrix material 
of long-fiber-reinforced composites. Through the application of 
linear 3D printing technology [12], the thermoplastic material can be 
integrated as a matrix part of the hollow shaped composite material 
[13]. The fibers can be arranged in an order state in this structure [14]. 
Hinchcliffe et al., validated the theoretical prediction of the jute and 
flax-reinforced hollow 3D printing materials using the experimental 
methods [15]. Recently, the continuous carbon fiber-reinforced 3D 
printing supplies and products have been developed [16-18]. Jahangir 
et al., [19] studied a 3D printed continuous carbon fiber reinforced 
polycarbonate composite. It was confirmed that the carbon fiber 
content and the combined effect with the matrix had a great influence 
on the composite properties.

In this paper, the verifiable tensile sample of the continuous 
fiber-reinforced composites was designed using the 3D printing 
technique with emphasis on the theoretical formula of fiber-
reinforced composites [20]. Among them, the common 3D printing 
materials, such as PLA [21], ABS [22], and HIPS filaments, are 
compared as matrix materials [23]. The high-tech fibers were selected 
as reinforcing fibers, along with carbon fiber [24], basalt fiber [25], 
ultra-high molecular weight fiber polyethylene [26] and aramid fiber 
[27], which have excellent performance and stable structure. The four 
fiber materials were treated with an adhesive used in the fiber rod 

Introduction
The theoretical study of the fiber-reinforced composites is based 

on the Rule of Mixtures (RoMs) that has gradually developed. The 
fiber, as a reinforcing material, can be classified as continuous and 
discontinuous or simply known as long and short fibers [1]. Cox 
[2] proposed a shear-lag model to calculate the modulus of the 
discontinuous unidirectional fiber composites. But the short fiber, it 
has no capacity to continuously bear the external force for the matrix 
material. Also, there are complexities seen in the fiber orientation and 
length. Thus, Krenche [3] suggested the concept of fiber orientation 
and created a model. Kelly and Tyson [4] also proposed using the 
critical fiber length to identify its effect. However, both models, 
developed by Krenche and Kelly-Tyson, only provided a theoretical 
process for estimating RoMs. To improve the RoMs practicability, 
Halpin and Tsai [5] tried to predict the mechanical properties of 
the composites using a similar empirical method. Currently, the 
modified RoMs by Futian, Kawada [6], and Zhou [7] has been widely 
recognized but the development of the theoretical formula has not 
met the expectations of its practical application, and thus, the more 
complex theoretical formulas have been proposed [8,9].

In the practical application, the study on the long-fiber-reinforced 
composites is focused on the carbon fiber reinforced epoxy resin 
because the arrangement of continuous unidirectional fiber is very 
regular, satisfying the ideal mechanical prediction model. Kim et 
al., analyzed the carbon material reinforced epoxy resin composite 
material by using vacuum molding technology [10]. The study of the 
short fiber-reinforced composites is relatively difficult, mainly because 
of the fiber length and the irregular distribution in the matrix. Bast 
fibers have the advantages of high specific strength, environmental 
protection, and high efficiency of the surface treatment, and are 
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and filled into the hollow 3D printing matrix. The predicted values 
and the measured values were compared to verify the reliability of the 
theoretical hypothesis and use as a new baseline or valuable practical 
reference for the theory development.

Material and Methods
Materials

The four high-tech fibers selected in this paper were ultra-high 
molecular weight Polyethylene Fiber ([PF], TFXC 400-C, Shandong 
Taifeng Mining Co., Ltd. China), Basalt Fiber ([BF], Roving, Haining 
Anjie Composite Materials Co., Ltd. China), Carbon Fiber ([CF], 
HTA-W1K, Toho Co., Ltd. Japan), and Aromatic polyamide Fiber 
([AF], Twaron 2200, Diren Co., Ltd. Japan). A number of roots in each 
fiber bundle were 400, 600, 1000, and 400, respectively. The diameters 
of each fiber were 20µm, 12µm, 7µm, and 8µm, respectively. Based on 
the given data, the cross-sectional area of each fiber bundle could be 
easily calculated, which was prepared to identify the tensile strength 
of the fiber bundle. 

The linear 3D printing supplies were PLA, ABS and HIPS 
(diameter 1.73mm, Shenzhen 3DSWAY Technology Co., Ltd), which 
were the main composite matrix materials. Silicone (601, Beijing 
Haibei Si Company) was used as a mold material for stretching 
the samples. Adhesive (PSK12CT, Shanghai Henkel Co., Ltd) was 
selected to bond the fibers and matrix materials.

Preparation and testing of reinforcing materials
An adhesive was used to bond the four fiber materials into fiber 

rods with a radius of 1mm. As used in Figure1 and among others, the 
root numbers of the filling fiber (bundle×root) were PE (16×400); BF 
(2×600); CF (3×1000), and AF (2×400).

The method of stretching the fiber bundle (ASTM D 3822-01) 
was referred. The tensile test was held at both of the fiber rods’ ends 
Figure 2. The tensile speed was 5mm/min while the fixture distance 
was 110mm, which was consistent with the condition of dumbbell 
tensile sample. Meanwhile, the yarn strength of the four fiber bundles 
having 100mm in length each was also tested and compared with the 
strength of the fiber rods [28,29].

3D printing matrix materials
Using the standard size (GB/T1040) of the test sample, the shape 

design and molding conditions of the matrix materials were set with 
the 3D tooling software (Pro/engineer 5.0 and Cura 15.02.1) and the 
3D printer (Z-603S high-precision 3D printer, Shenzhen Aurora 
Technology Co., Ltd). To better compare the fiber reinforcement 
results, the four sets of 3D printing matrix models were designed 
Figure 3, namely: no tunnel, single tunnel, double tunnel, and triple 
tunnel with the tunneling radius of 1mm as the length of the sample. 
The three kinds of 3D matrix materials were PLA, ABS, and HIPS 
(diameter 1.73mm, Shenzhen 3DSWAY Technology Co., Ltd.). The 
nozzle and heating table temperatures of PLA were 215oC and 50oC 
while ABS and HIPS were 240oC and 100oC, respectively. The print 
speed was 40mm/s and 100% filled.

Preparation and testing of composites
The four high-tech fiber rods were inserted and fixed into the 

tunnel of tensile samples. The sample fiber-reinforced PLA composite 
was shown in Figure 4. The bending samples were also created with the 

same process, such as in Figure 5, with the matrix ABS as an example. 
The mechanical testing conditions of the fiber-reinforced composites 
were tensile speed (5mm/min), fixture distance (110mm), bending 
speed (2mm/min), and the distance between fulcrums (36mm).

The formulas for calculating the tensile strength (Equation 1) and 
the bending strength (Equation 2) are as follows:

  		  (1)

 		  (2)

where σ, F and A are for tensile strength, tensile force and cross-
sectional area of the tensile samples, respectively. R, P, L, b and h 
represent the bending strength, maximum force and distance between 
fulcrums, height and width of the bending samples.

Equation 3 is the modified Rule of Mixtures (mRoMs) for 
predicting the tensile strength of the composites [30,31]. Since the 
reinforcing fibers are continuous and the orientation is along the 
stretching axis, the fiber parameters can be ignored and may not be 
indicated.

mmffc VV σσσ += 		  (3)

σc, σf, and σm are the tensile strengths of the composite, reinforcement, 
and matrix. Vf and Vm are the volume ratios of the reinforcement and 
matrix.

Results and Discussion
Tensile strength of fiber bundles and fiber rods

The fiber rod, as a reinforcement of the composite material, 
had reduced strength compared to the uncured fiber bundle, with 
the strength ratio of about 1:10 Figure 5. The adhesive brought 
some internal stress in the fiber rod to undermine the structural 
characteristics of fibers to a certain extent. These internal stresses 
caused the shearing force to increase when the composite material 
was stretched. Therefore, this finding showed that when predicting 
the mechanical properties of the composite, the strength value of fiber 
could not be directly used as a reinforcement parameter. The value of 
reinforcement parameter was also linked between the fibers, and the 
interface force between the fiber and matrix.

Mechanical properties of fiber-reinforced composites
The effects of the four high-tech fibers in enhancing the 

mechanical properties of the three 3D printing matrix materials were 
different. Initially, as cited, the three matrix materials, based on the 
order of PLA, ABS, and HIPS, their rigidity were gradually weakened 
while their flexibility became strong. So the tensile strength of the 
fiber-reinforced composites was gradually stronger, as shown in 
Figure 6&8a. Among them, the reinforcing effect of PE on HIPS was 
the best, the effect of CF was the best on ABS, the effect of AF was the 
best on PLA, and the reinforcing effect of BF is the least compared to 
the other fibers.

For the flexural strength of the fiber-reinforced composite, the 
reinforcing effect of fibers was not obvious as shown in Figure 7&8b. 
From the data part, when the fiber content was increased, the bending 
strength of composite material decreased. Although the fine fibers 
could be used, enabling the fiber bundles to bend easily, the four high-
tech fibers had become brittle after being treated by the adhesive, 
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which was clearly shown in the bending results.

Verification analysis of RoMs
Figure 9,10,11 showed the graphs comparing the actual measured 

values of the tensile strength of fiber-reinforced composite and the 
calculated values using RoMs. From the enhancement effects of the 
three different 3D printing matrix materials, the actual measured 
value and the predicted calculated value were substantially the same 
in terms of the low component. This validated the RoMs theory and 
indirectly showing that it was possible to provide an ideal verification 
sample similar to the theoretical hypothesis by 3D printing. However, 
in the case of high composition, the difference between actual 

measured value and predicted calculated value was huge, especially 
in PE and AF, where the actual measured value was initially less than 
the prediction calculation value. This was because PE and AF were 
different from BF and CF, as they would be through the deformation 
to weaken a part of the tensile force. The RoMs formula was based on 
the assumption that the Poisson’s ratio of the reinforcing material and 
the matrix material was equal. For BF and CF, as inorganic materials, 
their Poisson’s ratio was much smaller than the organic materials 
such as PE and AF. In the tensile deformation in the matrix material, 
the smallest was PLA while the largest was HIPS. Therefore, the major 
reason that the calculated values could not be well predicted for the 
actual measurements was that the deformation of each component 
in composite was inconsistent. The result in the composite material 
was being subjected to the external stretching, while the resistance 

a b

 

Figure 1: Design model (a) and entity diagram (b) of silicone mold.
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Figure 2: Four high-tech fiber rods: (a) PE (UHMWPE fiber); (b) BF (basalt 
fiber); (c) CF (carbon fiber); (d) AF (aramid fiber).
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Figure 3: Four sets of 3D printing matrix models (for tensile and bending 
tests).

 
Figure 4: Four fiber reinforced 3D printing materials (PLA tensile samples 
and ABS bending samples).
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Figure 5: Tensile strength of four high-tech fiber bundles and their fiber rods.
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Figure 6: Tensile strength and bending strength of PLA and its multi-tunnel 
composite.
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of each component was not the same and synchronized. Thus, this 
had caused the overall mechanical performance of the composite 
materials to be restricted.

Conclusions
In this study, 3D printing technique was used to create the 

verifiable samples consistent with the RoMs theory. In preparing 
the reinforcing material, the strength of fiber rod was tested to be 
significantly smaller than the fiber bundle strength. Therefore, the 
data information of reinforcing materials needed should be measured 
using the actual measurement. Through the mechanical measurement 
of the composite, the reinforcing fibers had shown a certain effect on 
the tensile strength of matrix. This effect was increased with more 
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Figure 7: Tensile strength and bending strength of ABS and its multi-tunnel 
composite.
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Figure 8: Tensile strength and bending strength of HIPS and its multi-tunnel 
composite.
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Figure 9: Verification of tensile strength of high-tech fiber reinforced PLA 
composite.
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Figure 10: Verification of tensile strength of high-tech fiber reinforced ABS 
composite.
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Figure 11: Verification of tensile strength of high-tech fiber reinforced HIPS 
composite.

fiber content. However, the reinforcing fibers had no significant 
enhancement effect on the flexural strength of the composites and 
even had a reduced adverse effect. The reason was that after the fiber 
bundle was treated with adhesives, the brittleness of fiber rod became 
larger, especially when in perpendicular to the fiber axis direction, 
and the high flexibility of fiber material also reduced the bending 
strength of composite materials.

The parameters of each component were included in the RoMs 
formula, calculated and compared the measured values of the fiber-
reinforced composites. Through the experimental design method of 
this paper, the RoMs reliability was verified, presenting the limitations 
of RoMs.
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