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Abstract: Flexible metalized multilayer packaging (MMLP) plastic waste is environmentally 

challenging due to its various composition and low recycling rate. This study investigates the 

potential of a blend of MMLP waste, high-density polyethylene (rHDPE) from bottle caps, and 

polyethylene-glycidyl methacrylate (PE-g-GMA) for pallet products. The blend formulation was 

optimized for the highest possible compressive elastic modulus using Response Surface 

Methodology (RSM) and Central Composite Design (CCD). With a ratio of 0.6393 of rHDPE to 

MMLP and a PE-g-GMA content of 6.7786%, this optimized formulation exhibited a compressive 

elastic modulus of 190 MPa. The mechanical performance of pallets manufactured from the 

optimized formulation was predicted using Finite Element Analysis (FEA). The FEA results indicate 

that the pallet can endure loads up to 600 kg without undergoing permanent plastic deformation. As 

a result of the weight of 250 kg, the deformation is less than 4 mm, therefore meeting the stiffness 

performance criteria of the ISO 8611 standard. 

 

Keywords: multilayer plastic waste; pallet; response surface methodology; finite element 

analysis; solidwork 

1.  Introduction  

Plastic waste is a major global issue, with increasing 

volumes produced as the global population and living 

standards rise. According to research by Honingh, plastic 

waste that pollutes the environment is more likely to cause 

flooding than organic waste1), probably because it cannot 

decompose naturally2–4). One is flexible metalized 

multilayer packaging (MMLP) plastic, such as pouches, 

bags, and shrink films, which covers around 21% and 68% 

of the plastic waste that pollutes rivers in Java, 

Indonesia1,5,6). The low recycling rate of Flexible MMLP 

plastic waste contributes to pollution due to the low value 

of recycled products, such as garbage bags, buckets, and 

household items1,7). Developing recycling methods for 

producing high-value products that may effectively 

increase the recycling rate of Flexible MMLP plastic 

waste is essential. 

Studies to develop recycling processes for flexible 

MMLP plastic waste are ongoing and pose a significant 

challenge as flexible MMLP plastic contains multiple 

types of plastics, such as polypropylene (PP), 

polyethylene terephthalate (PET), polyethylene (PE), and 

aluminum6). These challenges can be overcome by 

chemically and mechanically recycling flexible MMLP 

waste. The following involves directly processing MMLP 

plastic waste in a single material without separating each 

type of plastic and aluminum in the beginning. The 

chemical recycling of flexible MMLP plastic waste 

involves utilizing catalytic or uncatalyzed pyrolysis 

methods to produce aluminum and petrochemical 

feedstocks such as oil, gas, and charcoal8,9). However, 

energy costs prevent this chemical recycling method from 

being widely deployed. In contrast, mechanical recycling 

of flexible MMLP plastic waste using the compounding 

method is preferred because it is much less costly than 
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chemical recycling10). 

Several studies have described the application of 

compatibilizers in the compounding process of flexible 

multilayer packaging (MLP) waste to produce polymer 

blends with favorable physicomechanical performance. 

According to research by Uehara, using compatibilizers 

such as PE-g-MA and E-GMA in flexible MLP waste 

compounds has enhanced their impact strength and 

elongation at break11). Jonkkari added a PE-g-MA 

compatibilizer to a flexible MLP/LDPE compound, which 

increased the strain at break and the elastic modulus12). 

The improved mechanical value may be attributable to 

compatibilizer, which enhances the interfacial bonding 

between polymeric materials13). Nevertheless, studies on 

using compatibilizers in flexible MMLP compounding are 

limited.  

Compounding flexible MMLP waste with single-layer 

plastic waste enables the production of panels that can be 

used to make various recycled products, including 

pallets14). Processing flexible MMLP waste into pallet 

products may increase the recycling rate of flexible 

MMLP waste as the plastic pallet production industry is 

growing, with the global market expected to reach 586 

million units by 202715). The growth of the plastic pallet 

market is likely attributable to the versatile usage of 

plastic pallets in various industries such as food and 

beverage, pharmaceutical, automotive, manufacturing, 

and infrastructure16). In addition, plastic pallets provide 

more design variations since they can be manufactured by 

injection molding or by utilizing plastic panels through 

extrusion17). 

One of the most significant performance aspects of a 

plastic pallet is stiffness. Pallet stiffness can be defined as 

the degree to which a pallet deflects when loaded with 

goods and measured using its elasticity modulus18,19). 

Pallets will experience deflection while handling goods, 

whether in racking, stacking, or without racking and 

stacking conditions and in a static position on the floor or 

lifted by a forklift. The deflection will appear due to 

compression loads for pallets intended for handling goods 

in a static position on the floor without racking and 

stacking conditions. At the same time, forklifts will give 

flexural loads20). The mechanical properties, such as 

deflection values, can be measured using actual product 

testing or Finite Element Analysis (FEA) simulations. The 

FEA simulation method allows for efficient time and cost 

savings because there is no need to manufacture and test 

the actual product21). Some authors, such as Baig, Waseem, 

and Bayona, have conducted research using FEA 

simulation to predict the performance of pallet products22–

24). 

To the author's knowledge, studies on predicting the 

performance of plastic pallets from flexible MMLP waste 

have yet to be conducted. The author has discovered 

Boonsri's research, which estimates the flexural strength 

and elastic modulus of pallets made from a mixture of 

MLP waste, HDPE waste, wood powder, and 

compatibilizer25). However, Boonsri's estimation of 

pallets' mechanical properties is less accurate because it 

did not go through pallet product testing or FEA 

simulation. Boonsri also did not optimize the compound 

composition, which can affect the elastic modulus 

value12,26).  

Optimization regards the circumstances under which a 

specific process or technique yields the most favorable 

outcome. The traditional optimization method is single-

variable, focusing on one variable while maintaining the 

other constant at a time. The drawback of this method is 

the exclusion of the interacting effects among the 

examined variables, so it cannot describe the 

comprehensive effect of all variables on the response. 

Moreover, it requires more experiments, increasing time, 

costs, and material consumption27).  

The solution to the above limitations is the application 

of Response surface methodology (RSM), a multi-

variable at a time optimization method. RSM combines 

mathematical and statistical approaches to predict and 

optimize responses affected by multiple variables by 

generating polynomial equations. RSM can describe the 

effect of each variable and the interaction effect among 

variables on the response with the fewest experiments27,28). 

RSM also identifies the variables that significantly affect 

the response27) . This method assesses the topography of 

the response surface to identify either a global or local 

optimal response region (maximum or minimum as 

needed) utilizing an experimentally designed set of 

variables27).  

The experiments in RSM can be designed using the 

CCD (central composite design) or BBD (the box-

Behnken design) method. The CCD method is the most 

widely used and efficient design method because it allows 

for using two variables. In contrast, the BBD method 

requires at least three variables, resulting in fewer runs on 

the CCD28,29). RSM and CCD are currently widely used to 

optimize plastic compounding formulations. Malyuta et 

al.30), Dixit et al.31), and Javier et al.32) use RSM and CCD 

to optimize the compounding formulas of thermoplastic 

polymers (such as PET, PE, and PP) with organic or 

inorganic filler to achieve desired mechanical properties. 

This paper presents the development of a novel 

sustainable blend of materials for pallet application 

utilizing flexible metalized multilayer plastic (MMLP) 

waste, recycled high-density polyethylene (rHDPE) from 

bottle caps, and PE-g-GMA compatibilizer. The study 

aimed to formulate an optimum MMLP/rHDPE/PE-g-

GMA blend composition for maximum compressive 

elastic modulus, a mechanical property required for pallet 

materials, using Response Surface Methodology (RSM) 

and Central Composite Design (CCD). These statistical 

techniques also show which of the blend's components 

significantly influences compressive elastic modulus. In 

addition to optimization, this study aims to predict the 

mechanical performance of pallets made from the optimal 

MMLP/rHDPE/PE-g-GMA blend using Finite Element 
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Analysis (FEA). FEA conducts virtual testing of pallets 

under various static loading to evaluate if the pallet 

material complies with ISO 8611 deformation 

requirements. The virtual testing also provides data on the 

maximum load capacity pallet material can withstand 

before experiencing permanent deformation. 

 

2.  Materials and method 

2.1  Materials  

Post-consumer flexible MMLP shreds and HDPE bottle 

cap waste flakes (rHDPE) were supplied by PT Tridi Oasis. 

The types of polymers contained in MMLP samples are 

PE, PP and PET based on thermal analysis using DSC. 

Polyethylene-co-glycidyl methacrylate (PE-g-GMA) was 

purchased from Sigma Aldrich and used as a 

compatibilizer.  

 

2.2  Compounding Process 

The illustration of the MMLP/rHDPE/Pe-g-GMA blend 

compounding process is shown in Fig. 1. A pre-treatment 

procedure is used to remove the moisture in the material, 

which effectively puts the shredded flexible MMLP in an 

oven at 80 °C for 24 hours. The mixture of shredded 

flexible MMLP, rHDPE flakes, and PE-g-GMA 

(MMLP/rHDPE/PE-g-GMA) is compounded using a 

single screw extruder (Collin type 30x25L/D) with six-

barrel zones and temperature values of 180, 200, 220, 235, 

245, and 260 ℃. This extrusion machine has a 100rpm 

rotational speed. The MMLP/rHDPE/PE-g-GMA 

extrudate is then placed in a pelletizer to produce mixed 

pellets. At least twenty-four hours were spent with the 

pellets in an oven at 80 °C.  

 

 
Fig. 1: The compounding process of MMLP/rHDPE/PE-g-

GMA blend. 

 

2.3  Experimental Design 

As the statistical method, Response Surface 

Methodology (RSM) was implemented in this study to 

optimize the MMLP/rHDPE/PE-g-GMA compound 

formulation for maximum compressive elastic modulus. 

The Central Composite Design (CCD), one of the RSM 

experimental designs, has been applied with variables: the 

weight ratio of rHDPE to MMLP (P) and PE-g-GMA 

percentage to the total weight of polymer (C). The 

observed response was compression elastic modulus 

(CM).  

The CCD with variables P and C has 11 randomized 

runs experiment that consists of 4 factorial runs, 3 

replication runs of the center point, and 4 axial points run. 

Each variable has five levels in coded value, which is ± 1 

for high and low level (factorial run), 0 for mid-level 

(center point run) and ± 1.414 for extreme high and low 

level (axial point run)29). The dimensionless coded value 

is needed for computational efficiency. The variables P 

and C are expressed in the actual unit, and Eq. 1) is used 

to convert the actual unit of variables P and C into coded 

values. Table 1 shows the variables P and C at five levels 

in coded value and actual unit.  

The present research uses the rsm package in Rstudio 

software. The function coded.data in the rsm package is 

used to convert the actual unit of the variable into coded 

value, and the function decode.data does the opposite. 

Meanwhile, the ccd function in the rsm package is used to 

generate the experimental design. 

 

Table 1. Design of experiment 

Variables Symbol 
Level of variables 

-1.41 -1 0 +1 +1.41 

Ratio 

rHDPE/MMLP 
P 0.16 0.3 0.65 1 1.14 

%wt PE-g-

GMA 
C 0.34 2 6 10 11.65 

 

x1=
P-0.65

0.35
  ;  x2=

C-6

4
 (1) 

 
2.4  Compressive Test 

Sample testing preparation was carried out using an 

injection molding machine. As much as 1 kg of 

MMLP/rHDPE/PE-g-GMA pellets was injected into a 

rectangular mold with a size of 12.7 x 3.2 x 100 mm³ using 

a Battenfeld BA 400 CDC injection molding machine with 

a heating temperature of 220 – 250 °C and a cooling time 

of 20 s. After the injection, the sample was manually cut 

and conditioned in a room with a temperature of 23 ± 2 °C 

and 50% humidity for more than 40 hours before testing. 

A universal testing machine (UTM) with a load cell of 

50 kN is used to measure the sample’s compressive 

strength and compressive elastic modulus. Each sample 

consists of five specimens with a size of 12.7 x 3.2 x 100 

mm3 with a pressing speed of 1.3 mm/min and a distance 

between grips of 12.7 mm. The sample area exposed to 

compressive load is 12.7 x 3.2 cm². Apart from UTM, 

sensors (strain gauges) are also used on both sides of the 

specimen to determine the Poisson ratio in the sample. Fig. 

2 represents an illustration of the compression test, 

demonstrating the measurement of lateral strain to 

determine Poisson's ratio. The compression test results 

will be used to create a static loading simulation. 
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Fig. 2: The compression test schematic. 

 

2.5  Mathematical modelling, statistical analysis and 

optimization 

The second-order regression model is built using 

Rstudio software with the rsm function and several 

additional functions, such as the FO function for linear 

terms, the TWI function for the two-way interaction terms 

and the PQ function for pure quadratic terms. This 

function also results in ANOVA tables for statistical 

analysis and stationary points for predicting the optimized 

variables (P and C) for maximum compression elastic 

modulus (CM). Meanwhile, the 2D contour and 3D 

surface plots are produced using the contour and persp 

function33). 

 

2.6  FEA pre-processing 

 
(a) 

 

 
(b) 

Fig. 3: Commercial pallet design (a) pallet dimension, (b) 

boundary condition. 

 

FEA is performed using SolidWorks software based on 

the material properties of the optimum compressive elastic 

modulus formulation of MMLP/rHDPE/PE-g-GMA to 

predict the performance of the pallet. A commercial pallet 

design with dimensions of 127.5×108.8×12 cm3 and a rib 

thickness of 1.5–2.0 mm is used as a reference, as shown 

in Fig. 3(a). In this simulation, static load is given to the 

upper surface of the pallet while it is on the floor (Fig. 

3(b)), with load variations of 100 kg to 1000 kg with 

intervals of 100 kg. In addition, a convergence test is 

performed to see the stability of the maximum stress with 

an error of less than 7% of the mesh size34). Figure 4 is the 

result of the convergence test, with a mesh size of 2–10 

mm with an interval of 1 mm. The findings indicated that 

the mesh size within the tested range did not yield a 

significant variance35). Therefore, this study employed a 

tetrahedral mesh with a 10 mm size to optimize 

computational efficiency. The results of this FEA are in 

the form of a distribution of maximum von Mises stress, 

safety factor and deflection due to the loading that occurs. 

 

 
(a) 

 

 
(b) 

Fig. 4: (a) Mesh size, (b) Convergence test result 

 

2.7  FTIR Testing 

This study utilizes FTIR testing to compare the 

chemical functional groups observed in the highest and 

the lowest compressive elastic modulus samples. Testing 

occurred using a Bruker Alpha II FTIR spectrometer with 

the following parameters: attenuated total reflection 

(ATR) technique, wavenumber range of 4000 to 600 cm-

1, and a scan frequency of 32 scans per minute. The test 

sample was a thin section cutting from the compression 

test specimen. 
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3.  Results and discussion 

3.1  Process analysis  

 
Fig. 5: Effect of ratio rHDPE/MMLP on compression elastic 

modulus and compression strength of MMLP/rHDPE/PE-g-

GMA compound. 

 
Figure 5 depicts the effect of the rHDPE/MMLP ratio 

on the Compression Elastic Modulus and Compression 

Strength. It can be observed that the increment of the 

rHDPE/MMLP ratio, from 0.16 to 0.65, increased the 

compression elastic modulus by 70.99%. However, at the 

1.14 ratio of rHDPE/MMLP, compression elastic modulus 

is relatively decreased by 4.93%. The increment of the 

rHDPE/MMLP ratio from 0.16 to 0.65 and 1.14 increased 

the compression strength by 16.39% and 24.31%. 

At the 0.16 ratio, weak interfacial adhesion between 

recycled MMLP and rHDPE may occur at high MMLP 

content, resulting in defects like interfacial debonding 

lowering the compression strength and elastic modulus 

value. This phenomenon is consistent with Boonsri's work 

with recycled plastic waste, with an increment of flexural 

strength and elastic modulus at 10% plastic waste content 

but decreasing at 15% and 20%25). The same thing could 

occur with MMLP and HDPE composites. 

MMLP used in this research consists of various layers 

such as PE, PP, PET and Aluminum. According to 

Boonsri, a certain quantity of plastic waste addition can 

act as filler reinforcement in the matrix, making it stiffer. 

This increase may have occurred due to plastic waste was 

partially melted because of manufacturing temperatures 

that were lower than the crystalline melting temperatures 

of PET25). The compressive strength and elastic modulus 

increment at the 0.65 ratio were affected by the unmelted 

MMLP. However, it did not cause defects such as 

interfacial debonding, so it acted as a filler and reinforced 

the composite. It is hypothesized that MMLP is more 

elastic than rHDPE, increasing stiffness and accumulating 

intermolecular stresses, resulting in a rise in compression 

strength and elastic modulus. 

The compression strength is increased at the 1.14 ratio 

due to the high content of rHDPE, which results in better 

adhesion, plus with the reinforcement of MMLP.  The 

decreased compression elastic modulus at 1.14 ratio was 

assumed to be caused by lower MMLP content, which 

means lower filler content, thus decreasing the rigidity of 

the composite. This mechanism made rHDPE properties 

more dominant, which is more plastic, and resulted in a 

more extended strain, which lowered the elastic modulus 

value. 

 

 
Fig. 6: Effect of %wt PE-g-GMA on compression elastic 

modulus and compression strength of MMLP/rHDPE/PE-g-

GMA compound.  

 
PE-g-GMA was added to the blend to increase adhesion 

between the rHDPE and MMLP. The enhanced interfacial 

adhesion between rHDPE and MMLP is thought to 

positively influence stress transmission, reducing the 

likelihood of interfacial debonding and improving 

compression properties. The following is similar to what 

occurred with LDPE and corn starch blends36). 

Figure 6 depicts the effect of PE-g-GMA content on the 

Compression Elastic Modulus and Compression Strength. 

It can be observed that the increment of PE-g-GMA 

content, from 0.34 % to 6%, increased the compression 

elastic modulus by 129.77% and at 11.66% content, the 

compression elastic modulus increased by 79.47%. For 

compression strength, the increment of PE-g-GMA 

content from 0.34% to 6% decrease the compression 

strength by 7.33%, and a further increment to 11.66% of 

PE-g-GMA decrease the compression strength by 16.1%. 

The elastic modulus result shows some compressive 

strain decreases with increasing PE-g-GMA, implying 

that PE-g-GMA makes the composite more elastic. The 

above could be due to improved adhesion between rHDPE 

and MMLP, which increases the stiffness of the blend. The 

decrease in compression strength with increasing 

compatibilizer content could be attributable to too much 

compatibilizer migrating around the MMLP, creating self-

entanglement among the compatibilizers rather than the 

rHDPE, resulting in slippage. 

 

3.2  RSM statistical analysis 

This study uses FEA to predict the stiffness of a pallet 

made of MMLP/rHDPE/PE-g-GMA material in a static 

position on the floor without racking and stacking 

conditions. The stiffness of the pallet is measured in terms 

of the material's elastic modulus. In addition, pallets in a 

static position on the floor without racking and stacking 

conditions are subjected to compression loads. Thus, the 

compressive elastic modulus of the MMLP/rHDPE/PE-g-
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GMA blend material was evaluated and statistically 

optimized using Rstudio. 

The compressive elastic modulus (CM) of 

MMLP/rHDPE/PE-g-GMA blend material obtained from 

the eleven CCD experiments in Table 2 was used to 

develop an RSM model expressed as a coded variable in 

Rstudio software. The RSM-coded model presented in Eq. 

2 is a second-order polynomials equation composed of a 

first-order or linear term (FO), the interaction between 

variables (TWI), and pure quadratic or squared terms (PQ). 

In addition, X1 is the code symbol of the variable weight 

ratio of rHDPE to MMLP (P), and X2 is the code symbol 

of the variable percentage of PE-g-GMA to total polymer 

weight (C). 

 

CM (MPa) = 187.7907 – 2.4728 X1 + 14.3829 X2 – 

2.5703 X1 X2 – 40.4874 X12 – 36.9460 X22       (2) 

 
A good model should be capable of predicting 

compressive elastic modulus (CM) values that best fit the 

experimental results. Table 3 displays R studio software's 

ANOVA analysis of Eq. 2. Model Eq. 2 has a p-value < 

0.05, R-squared > 0.8, and Adj R-square > 0.837–40). 

However, the Lack of Fit (LOF) is significant (p-value < 

0.05), thus failing to meet the statistical requirements for 

a good model38,40,41).  

 

Table 2. Experimental and predicted value of compression 

elastic modulus (CM). 

Run 

Coded 

Variables 

Experimental 

Response 

Predicted 

Response 

X1 X2 CM (MPa) CM (MPa) 

1 -1 1 121.46 127.22 

2 0 0 190.86 187.79 

3 -1 -1 104.71 98.45 

4 +1 +1 110.26 122.27 

5 +1 -1 103.79 93.50 

6 0 0 185.23 187.79 

7 0 0 187.28 187.79 

8 0 +1.41 146.67 134.24 

9 +1.41 0 104.41 103.32 

10 -1.41 0 109.82 110.31 

11 0 -1.41 81.73 93.56 

 
Table 3. The analysis of variance (ANOVA) parameter of CM 

model Eq. 2. 

Source 
Ter

ms 

Multipl

e R2 

Adj 

R2 

p - 

value 

F - 

value 

Model  0.9607 0.9214 
0.00159

5 
24.44 

Intercept    
8.40e-

07 
 

FO 

(X1, X2) 
   0.0354 

7.003

4 

 X1   0.5538  

 X2   0.0141  

TWI 

(X1, X2) 
   0.6607 

0.217

2 

 
X1:

X2 
  0.6607  

PQ 

(X1, X2) 
   0.00041 

53.97

69 

 X12   
0.00032

78 
 

 X22   
0.00050

45 
 

Lack of 

Fit (LOF) 
   0.0398  

 

Eliminating non-significant model terms, with p-value 

> 0.05 and F-value < 4, produces an insignificant lack of 

fit38). The interaction term between variables, TWI, has a 

p-value of 0.66 and an F-value of 0.21. Hence, TWI is 

removed from the Eq. 2 to build a more accurate model 

for predicting CM values. Eq. 3 shows the RSM model in 

code units after removing terms that do not significantly 

affect response. 

 

CM (MPa) = 187.7907 – 2.4728 X1 + 14.3829 X2 – 

40.4874 X12 – 36.9460 X22        (3) 

 

The model represented by Eq. 3 has a p-value of 

0.0002677, an F-value of 35.06, R-square and Adj R-

square values of 0.959 and 0.9316, respectively, and an 

insignificant lack of fit (p-value 0.05056). Therefore, Eq. 

3 has shown to be a reliable model for predicting the value 

of the compressive elastic modulus of the 

MMLP/rHDPE/PE-g-GMA composite41), as long as the 

composition is in the boundaries that have been made. Eq. 

4 contains the uncoded or actual variables of the model 

stated in Eq. 3.  

 

CM (MPa) = -51.9600 + 422.5969 P + 31.3052 C – 

330.5092 P2 – 2.3091 C2        (4) 

 

 
(a) 
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(b) 

 
(c) 

Fig. 7: (a)Normal plot of residual for CM model, (b)Residual 

vs run order plot for CM model, (c) The plot of actual vs. 

predicted CM values. 

 
The validity of the model Eq. 3 was further investigated 

using residual analysis plots and the predicted vs actual 

plot. Figure 7(a) shows that the plot follows a linear 

pattern, which suggests that the data follow the normal 

probability distribution42,43). Residual data in Fig. 7(b) 

randomly distributed with no apparent trends are found. 

The actual and predicted CM values show a linear curve 

fit relationship with an R2 value closer to 1.0, as shown in 

Fig. 7(c), reflecting the best fit and acceptable agreement 

between the actual and predicted values. The findings 

presented here demonstrate that the model in Eq. 3 is 

suitable for illustrating the relationship between the 

formulation variables, namely the ratio of rHDPE to 

MMLP (X1) and the percentage of weight PE-g-GMA 

(X2), with the response compression elastic modulus 

(CM)44) . Furthermore, this model can be utilised to 

determine the optimal compressive elastic modulus of the 

MMLP/rHDPE/PE-g-GMA blend. 

The analysis of variance (ANOVA) also helps 

determine whether or not a given term variable has a 

significant influence. The p-value determines the 

significance of a variable's contribution to the response 

value45). The smaller the p-value, the more significant the 

contribution. Variables with a p-value above 0.05 indicate 

an insignificant contribution to the response value46). 
Table 3 reveals that the variable that contributes most to 

the CM response is X12, the quadratic terms of the rHDPE 

to MMLP ratio. The second variable contributing to the 

CM response is X22 or the quadratic terms of %wt PE-g-

GMA. These quadratic terms significantly contribute to 

the CM response, indicating that the rHDPE to MMLP 

ratio and %wt PE-g-GMA variable affect CM non-linearly. 

The linear term of %wt PE-g-GMA variable is also 

significant because having a p-value below 0.05. However, 

the p-value of linear %wt PE-g-GMA variable is still 

higher than the quadratic term, indicating that the 

quadratic term contributes more to CM response. 

Meanwhile, the CM response is unaffected by the linear 

terms of variable X1 and the interaction terms. Therefore, 

Figure 8 shows the nonlinear influence of rHDPE to 

MMLP ratio and %wt PE-g-GMA on the CM response of 

the MMLP/rHDPE/PE-g-GMA compound.  

 

 
Fig. 8: 3D surface plot for compression elastic modulus of 

MMLP/rHDPE/PE-g-GMA. 
 

The correlation between the formulation variables, ratio 

rHDPE/MMLP (X1) and %wt PE-g-GMA (X2), with the 

response compression elastic modulus (CM) in Eq. 3 is 

presented in three-dimensional response plots, as shown 

in Fig. 8. According to Fig. 8, the addition of 

rHDPE/MMLP at a ratio of 0.16 to 0.65 increases the 

compressive elastic modulus up to an optimum point and 

then decreases as the rHDPE/MMLP ratio increases. 

Favaro also reported that PE-based elastic modulus gets 

the optimum point with the addition of MLP then 

decreased with increasing MLP ratio47). 3D surface curve 

plot also shows the significant condition of 

the %compatibilizer to increase the compressive elastic 

modulus with a value of 0.34% to 6% then decrease as 

the %compatibilizer ratio increases. The results are 

aligned with Fig. 5 and 6. 

Optimization produces the maximum compressive 

elastic modulus (CM) response value. The 2D contour plot 

image of the compressive elastic modulus of the 

MMLP/rHDPE/PE-g-GMA compound can predict the 
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optimum formulation region. The range with the highest 

CM response value corresponds to the lightest part on the 

contour plot. Figure 9 demonstrates that the maximum 

achievable CM is above 180 MPa with the optimum 

formulation range of rHDPE/MMLP ratio 0.6 – 0.7 and 

PE-g-GMA 6 – 7 wt%. 

 

 
Fig. 9: 2D Ccontour plot for compression elastic modulus of 

MMLP/rHDPE/PE-g-GMA. 
 

RSM analysis utilizing the Rstudio generates stationary 

points derived from the mathematical response prediction 

model, which indicates the optimal formulation's 

estimation. In code units, the optimal formulation 

prediction based on Eq. 3 is -0.0305 for X1 and 0.1946 for 

X2. Meanwhile, in actual units, the rHDPE/MLP ratio is 

0.6393, and PE-g-GMA is 6.7786 wt%. As seen in Fig. 9, 

the predictions fall within the prediction range of the 

optimal formulation. 

Inserting the unit code stationary point into the 

following Rstudio software function yielded the 

maximum predicted CM value: 

max<-data.frame(x1=-0.0305,x2=0.1946) 

predict(e modulus,max) 

The maximum CM prediction value is 189.2282 MPa. 

A verification experiment took place on the optimal 

formulation (with an rHDPE/MLP ratio of 0.6393 and a 

PE-g-GMA content of 6.7786 wt%) to validate the Eq. 3 

model and the predicted maximum CM value. The 

verification sample's CM value was 190 MPa. The 

difference between the predicted and actual verification 

maximum CM values has a 2% error. Therefore, an error 

value is within the allowable range of 5%, confirming that 

the prediction model in Eq. 3 is 95% accurate in CM 

prediction48). 

 

3.3  FEA post-processing 

In this study, FEA was conducted to evaluate the 

mechanical performance of pallets at various load levels 

under static conditions on the floor without stacking and 

racking. In FEA, the optimum MMLP/rHDPE/PE-g-

GMA verification results were used as material 

parameters consisting of density, compressive strength, 

compressive elastic modulus, and Poisson's ratio, as 

shown in Table 4.  

 

Table 4. MMLP/rHDPE/PE-g-GMA material properties for 

FEA Simulation. 

Properties Unit 

Density 940.1 Kg/cm3 

Compressive elastic modulus 193.234 MPa 

Compressive strength 18.827 MPa 

Poisson ratio 0.4 

Yield strength 6.06541 MPa 

 

The FEA output was selected using the Von Mises 

criterion to predict the permanent deformation of the 

pallet material. If the von Mises stress exceeds the yield 

strength, the pallet is predicted to undergo plastic 

deformation, where it experiences functional failure49). 

The criteria selection is based on the characteristics of 

ductile plastic materials, which tend to experience plastic 

deformation before breaking50). In addition, this criterion 

is also known as Distortion Energy Theory49), which is 

considered more accurate in predicting when isotropic 

materials such as plastics will experience plasticity under 

multi-axial loading conditions, which often occur in pallet 

applications.  

The FEA results (Fig. 10) show similar stress 

distribution patterns throughout the pallet model, 

regardless of the applied load variations. The stress 

distribution in the pallet model is dominated by blue 

contours and green on the unsupported part. The red 

contour is on the bottom of the upper surface floor of the 

pallet with nodes 229499, shown in Fig. 11. The 

maximum stress value on the red contour increases 

significantly with increasing load.  

The results of the FEA in terms of von Mises stress 

value at different compression loads are shown in Table 5. 

At 100 kg, the stress is only 1.025 MPa, but this increases 

to 9.886 MPa at 1000 kg. Compared to the material yield 

stress value of 6.06541 MPa, such von Mises stress values 

show that the pallet material starts to experience plastic 

deformation at a load of about 700 kg. Above that load, 

the pallet goes into a critical state where it becomes 

permanently deformed, possibly resulting in structural 

failure49). 
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Fig. 10: Von mises stress distribution FEA of 100 – 1000 Kg 

load. 

 

 
Fig. 11: Maximum stress probe location of pallet. 

 

Table 5. von Mises stress and deflection from FEA. 

Load (Kg) 
Stress (MPa) Deflection (mm) 

Min Max Min Max 

100 1.155e-6 1.025 1.000 e-30 1.675 

200 6.599e-7 2.010 1.000 e-30 3.282 

300 5.189e-7 2.995 1.000 e-30 4.889 

400 5.417e-7 3.979 1.000 e-30 6.496 

500 5.578e-7 4.964 1.000 e-30 8.103 

600 5.644e-7 5.948 1.000 e-30 9.71 

700 5.938e-7 6.933 1.000 e-30 11.32 

800 5.825e-7 7.917 1.000 e-30 12.92 

900 5.164e-7 8.902 1.000 e-30 14.53 

1000 4.536e-7 9.886 1.000 e-30 16.14 

 

Figure 12 shows the safety factor (FOS) generated by 

FEA. At 100 kg, the resulting FOS is 5.919, indicating that 

the pallet has sufficient capacity to withstand the load 

without risk of failure. However, the FOS value decreases 

drastically as the load increases, reaching 0.6135 at 1000 

kg. The FOS was defined as the material's yield strength 

ratio to the maximal von Mises stress51). FOS less than one 

is recorded when the pallet is subjected to a load above 

600 kg, indicating that the stress experienced by the pallet 

has exceeded the yield strength of the optimum 

MMLP/rHDPE/PE-g-GMA material. This low FOS value 

indicates that the pallet is in a critical condition, where 

structural failure can occur at any time if the load 

increases22,51). Consequently, the maximum load capacity 

for the pallet should not exceed 600 kg to minimize the 

risk of material failure. 

 

 
Fig. 12: FOS result of FEA simulation. 

 

In addition to stress, an analysis of the deformation on 

the pallet was also carried out. The FEA results in Table 5 

show an increase in deformation from 1.675 mm at a load 

of 100 kg to 16.14 mm at a load of 1000 kg. According to 

the pallet testing standard ISO 8611, the maximum 

deformation allowed for pallets is 4 mm to ensure stability 

and safety20). The analysis results show that the pallet 

exceeds the deformation limit set in the 200 kg to 300 kg 

with deformations of 3.282 mm and 4.889 mm, 

respectively.  

The extensive load range necessitated additional testing 

at 225 kg, 250 kg, and 275 kg to yield more precise results. 

In the additional test, 3.684 mm, 4.086 mm, and 4.487 mm 

deformations were obtained, respectively, as shown in 

Table 6. Based on the additional data provided, it can be 
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inferred that the maximum load the pallet can withstand 

without exceeding the deformation limit specified by ISO 

8611 is 250 kg. Although the deformation at this load is 

4.086 mm or slightly exceeds the standard limit, it can still 

be considered close to the acceptable threshold. Therefore, 

to maintain the shape and stability of the pallet structure 

and prevent structural failure due to excessive 

deformation, the operational load on the pallet should not 

exceed 250 kg. Exceeding the load limit of pallets to 250 

kg may lead to significant pallet deformation, potentially 

compromising structural integrity and increasing the 

likelihood of damage during handling and 

transportation52). Additionally, continuous use above the 

recommended load could accelerate wear and tear, 

shortening the lifespan of the pallet and ultimately leading 

to higher replacement costs51). 

 

Table 6. FEA result for 225 – 275 kg load. 

Load 

(Kg) 

Stress (MPa) Deflection (mm) 

Min Max Min Max 

225 6.138e -7 2.256 1.000 e-30 3.684 

250 5.800e -7 2.502 1.000 e-30 4.086 

275 5.539e-7 2.748 1.000 e-30 4.487 

  

Through the FEA simulation that has been done, it can 

be concluded that although the pallet stress distribution 

remains consistent at each load variation, there are clear 

operational limitations that must be considered. Based on 

the von Mises stress and FOS values generated from the 

FEA simulation, the maximum load the pallet can 

withstand before plastic deformation is 600 kg because it 

has a von Mises stress value below the yield stress and an 

FOS value above 1. However, ISO 8611 provides a 

maximum deflection requirement for pallet stiffness 

performance of 4 mm, where this deflection value is 

obtained in pallets with loads below 600 kg, more 

precisely at a load of 250 kg. Therefore, the recommended 

maximum load for pallets with MMLP/rHDPE/PE-g-

GMA optimum material is 250 kg for having required 

deflection of stiffness performance, even though the 

pallets' mechanical properties can still withstand loads up 

to 600 kg before fatal structural and material failure.  

In order to minimize deflection, the dimensions of the 

pallet's reinforcing rib can be adjusted without changing 

the material. However, this adjustment can affect the 

product's aesthetics and the manufacturing process's 

effectiveness52). Therefore, further studies are needed to 

determine the appropriate pallet design for 

MMLP/rHDPE/PE-g-MA materials. 

 

3.4  FTIR Measurement 

Fig. 13: FTIR spectra of run 2 and run 11 samples. 

 

Figure 13 shows the FTIR spectra of sample run 2 

(highest compressive elastic modulus) and sample run 11 

(lowest compressive elastic modulus). Both samples 

exhibit the characteristic peaks of polyethylene (PE), 

polypropylene (PP), polyethylene terephthalate (PET), 

and glycidyl methacrylate (GMA). 

The characteristic peaks of PE appear at wave numbers 

2914 and 2846 cm-1, corresponding to methylene's 

asymmetric and symmetric stretching vibrations (-

CH2-)53). Additionally, peaks at 1463 – 1465 cm-1 indicate 

bending deformation of methylene groups53) , while those 

at 720 - 724 cm-1 represent CH2 rocking in PE54). The 

characteristic peak of PP exists at wave number 2914 cm-

1, corresponding to the CH2 asymmetric C-H stretching53), 

and at 1374 - 1376 cm-1, associated with the CH3 

symmetric bending53). The characteristic peaks of PET 

occur at wave numbers 1719-1723 cm-1, corresponding to 

C=O stretching of an ester carboxyl group55), 1409-1411 

cm-1, associated with a para-substituted benzene ring55), 

1100-1102 cm-1, indicative of O-CH2 stretching55), and 

1019-1021 cm-1, related to ring C-H in-plane bending55). 

GMA exhibits peaks at wave numbers 846 and 873 cm-1, 

corresponding to the epoxy groups of GMA56,57). Figure 

13 indicates no significant difference in FTIR peaks 

between the sample exhibiting the highest compressive 

modulus and the sample displaying the lowest. The result 

demonstrates that the compressive modulus is more 

affected by the blend composition of the sample than by 

the chemical functional groups present. 

 

4.  Conclusion 

This study successfully developed a sustainable 

material blend for pallet applications using waste MMLP, 

recycled HDPE, and a PE-g-GMA compatibilizer. The 

first goal of this study was achieved using the statistical 

tools Response Surface Methodology (RSM) and Central 

Composite Design (CCD), resulting in an optimal 

formulation of MMLP/rHDPE/PE-g-GMA blend with a 

rHDPE/MMLP ratio of 0.6393 and a PE-g-GMA content 

of 6.7786%. This optimum formulation produced a 

compressive elastic modulus of 190 MPa with a validation 

error of only 2%, demonstrating the accuracy and 
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reliability of the optimization process. The statistical 

analysis also revealed that the effect of the rHDPE to 

MMLP ratio on the compressive elastic modulus of the 

blend is more significant than the PE-g-GMA percentage. 

In addition, the interaction between the PE-g-GMA 

percentage and the ratio of rHDPE to MMLP has no 

significant effect on the compressive elastic modulus of 

the blend.  

The second goal was accomplished using Finite 

Element Analysis (FEA). FEA test revealed that the pallet 

manufactured from the optimal blend of 

MMLP/rHDPE/PE-g-GMA can resist a maximum load of 

600 kg before permanent deformation occurs. In 

comparison, to meet ISO 8611 standards, a maximum 

operational load of 250 kg is recommended, leading to a 

4.086 mm deflection. The result demonstrates the 

feasibility of the optimized MMLP/rHDPE/PE-g-GMA 

material blend for pallet lightweight industrial uses. 

However, this study primarily focuses on static loading 

without stacking and racking conditions and simplified 

pallet design without addressing dynamic loading, impact 

resistance, and long-term durability. 

In order to increase load capacity and improve 

performance, future research should focus on refining the 

structural design of the pallet, particularly the rib 

configuration, to increase load-bearing capacity and 

minimize deflection under various load conditions. In 

addition, continued testing for dynamic loads under both 

stacking and racking conditions and impact resistance is 

essential to simulate actual conditions to ensure the 

reliability and durability of the pallet. 
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Nomenclature 

MMLP  flexible metalized multilayer 

packaging  

PE-g-GMA  polyethylene-glycidyl methacrylate  

RSM Response Surface Methodology  

CCD Central Composite Design 

FEA Finite Element Analysis  

°C  Degrees Celsius 

rpm  Revolution per minute 

kg kilogram 

mm Millimeter 

s second 

kN kilonewton 

TWI  two way interaction 

PQ Pure quadratic 

FO First Order 

Anova  Analysis of Variance 

LOF  Lack of Fit 

FOS  Factor of Safety 
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