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Abstract – Paper deals with analysis of a local shrinkage in 

biodegradable materials PLLA and PLA. In this article is 

described and evaluated the influence of selected 

technological parameters on the local shrinkage size of the 

biodegradable polymers. The evaluation is based on a sample 

injected into a mold. The design of this mold is patented for 

shrinkage research of selected dimensions on tested parts. 

Selection of technological parameters was performed 

according to Taguchi. 
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I. INTRODUCTION 
 

Polymer materials have been a potential equivalent to 

other materials for decades. As the development of 

materials and their properties progressed, they became so 

resistant that their disposal takes hundreds of years. 

Therefore consumption of biodegradable materials 

increases. To the group of these materials belongs PLA, 

respectively PLLA. 

One of the main methods of processing materials PLA 

and PLLA is injection molding. The general principle is 

based on injecting melted granulates into geometrically 

defined space. In this process parameters of pressure, 

temperature, injection speed and time of tempering are set. 

Injection is complicated technological process which is 

mainly influenced by injection phase, holding pressure 

phase and cooling[1]. The result is a product of required 

dimensions and physical properties. Shrinkage is an 

important value not only in the actual injection process but 

also after the process is finished. Shrinkage varies 

depending on the thickness of parts and their design. 

Injection parameters affect shrinkage.Therefore this article 

deals with the properties of injection molding materials 

PLA and PLLA 

 

II. BIOPOLYMERS 
 

Poly Lactid Acid (PLA) is thermoplastic of group 

bioalifatic polyesters. It is a biodegradable, biocompatible 

and non – toxic material. The basic component is 

LA (lactide acid). LA may be obtained from natural 

sources or by fermentation of oil. Poly Lactid Acid exists 

in two optically active forms, there are L- and D- 

stereoisomerism lactic acid[2]. This material exhibits semi 

crystalline structure. Glass transition temperature of 

homopolymer PLA is from 55 to 59 °C and melting point 

is from 174 to 184 °C. In nature PLA degrades between 6 

months to 2 years. For the experiment was used 

biopolymer PLA produced by NatureWorks® Biopolymer 

3251D, Injection Molding Process Guide[3]. 

Poly – L – Lactid Acid (PLLA) is an isotactic polymer 

and has crystalline structure. This structure exists in two 

forms, α and β.  PLLA contain 37% of crystalline phase. 

Melt temperature is from 175 to 180 °C. Glass transition 

temperature is from 55 to 60 °C.  PLLA has very good 

mechanical properties and is often used for medical 

purposes. In nature PLLA degrades over the period of 

more than three years [2]. For the experiment was used 

material produced by Synterra® PLLA 1010, Version: 

2011-12[4]. 

 
Fig.1. Material PLA (a) a PLLA (b) 

 

II. INJECTION MOLDING MACHINE AND TOOL 
 

The injection molding machine Arburg 470 C 1500-400 

was used to investigate the absolute values of local 

shrinkage of selected biopolymers. Main characteristics of 

this machine are closing force max. 1500 kN, injection 

volume of 154 cm3, the weight of ejection 

PS (polystyrene)of 141 g and screw diameter of 35 mm. 

For injection of test specimens was used an injection 

tool. This tool is divided by the parting line into a fixed 

and a movable part. Within movable part is a geometric 

space, known as shaped mold cavity, allowing 

modification of the thickness of the parts (test pieces). To 

check and record injection parameters, there are three 

sensors in the tool. They are produced by Kistler, type of 

sensors is 6189A. There are temperature and pressure 

sensors to show progress of the actual value of 

temperature and pressure in the mold. These changes are 

important for the final properties of a product. Diameter of 

the sensor is 2.5 mm. 

 
Fig.2. Injection molding tool (a), injection molding 

machine ARBURG 470 C – 1500 – 400 (b) [5] 

 

III. PROCESS PARAMETERS 
 

Injection parameters were limited by recommended 

parameters set by the manufacturer for the individual 

materials and in the same time experiment was designed 

so that injection parameters are selected by Taguchi 

statistical methods. Using these statistical methods 

injection parameters for research activities were 

determined (melt temperature, injection speed and holding 
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pressure). For the experiment it was selected melt 

temperature from 175 to 195 °C for material PLA and 

from 185 to 205 °C for PLLA material (for better 

homogeneity of the melt).  

Injection speed was chosen for both materials range 

from 25 to 75 ccm/s. Holding pressure was calculated 

from a holding pressure of 100% and values were used in 

the range of 80-100%. Individual parameters are in 

Table 1 where each parameter has level of the experiment. 

In our case, there are three levels for technological 

parameters and two for thickness. 

 

Table1: Input parameters for the experiment 

 
Level of experiment 

 
PLA PLLA 

Factor of experiment 1 2 3 1 2 3 

A: Meld temperature [°C] 175 185 195 185 195 205 

B: Holding pressure [%] 80 90 100 80 90 100 

C: Injection speed [ccm/s] 25 50 75 25 50 75 

D: Thickness of part [mm] 2 4 - 2 4 - 

 

In the first step the mold was filled via the filling study 

to 93 % filling of the mold. After this, the injection 

pressure was switched to holding pressure and it was 

calculated individual percentage parts of holding pressure 

according to Table 1. Holding pressure time was 

determined by the weight of the study. Time necessary of 

filling the mold was gradually increased until a constant 

weight of part. Cooling time was determined by the 

temperature field on the analysed samples also with regard 

removal. Parts were prepared in two thicknesses with 

defined internal dimensions of 2.021 and 4.062 mm.  

Taguchi method is systematic and effective approach to 

optimizing the injection parameters and process [6], [7]. 

There were selected configurations of injection with 

4 factors. These factors influencing the injection process 

are describedin Table 1.There is melt temperature – A, 

holding pressure – B, injection speed – C and the thickness 

– D.  

 

Table2:Taguchi Orthogonal array 

 

PLA PLLA 

Num. m. A B C D A B C D 

1 1 1 1 1 1 1 1 1 

2 1 2 2 1 1 2 2 1 

3 1 3 3 1 1 3 3 1 

4 2 1 2 1 2 1 2 1 

5 2 2 3 1 2 2 3 1 

6 2 3 1 1 2 3 1 1 

7 3 1 3 1 3 1 3 1 

8 3 2 1 1 3 2 1 1 

9 3 3 2 1 3 3 2 1 

10 1 1 1 2 1 1 1 2 

11 1 2 2 2 1 2 2 2 

12 1 3 3 2 1 3 3 2 

13 2 1 2 2 2 1 2 2 

14 2 2 3 2 2 2 3 2 

15 2 3 1 2 2 3 1 2 

16 3 1 3 2 3 1 3 2 

17 3 2 1 2 3 2 1 2 

18 3 3 2 2 3 3 2 2 

 

In Table 2, there are written orthogonal arrays of 

Taguchi method which are used for actual method. These 

arrays do experiment clearer. Using this representation 

time and inputs for experiment are saved.  

 

IV. TESTING SAMPLE 
 

Using predefined and statistically evaluated parameters 

parts were injected (see Fig. 3.). Test parts were 

subsequently required to measure and evaluate shrinkage 

of selected dimensions According to fig. 4,thicknesses of 

samples were measured in three positions using 

micrometer (Mitutoyo–digimaticmicrometre, no. 89-511-

0, PMU 150–250) and calliper. These measurements were 

repeated five times. Measured thickness of test parts are 

found near installed sensors, where temperature and 

pressure was measured in the mold. 
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Fig.3. The measurement of thickness molded part 

 

From the measured values of thicknesses of samples in 

individual places shrinkage was calculated according to 

equation (1). This was done for both thicknesses of test 

specimens and all variants of injection parameters 
 

,
X

XX
S

y
                                                         (1) 

where S is the shrinkage, X–dimension of tool, 

XY -  measured dimension in a given place on the 

sample.Shrinkages of individual locations of parts are in 

Table 3. 

 

V. EVALUATION OF LOCAL SHRINKAGE 
 

According to the measured values of the local shrinkage 

we can say how they behave different biomaterials. Also 

the best conditions are evaluated for injection in terms of 

the values of local shrinkage.Evaluation Procedure is 

described in reference [6], [7],[8]. 

Experimental measurement data are transformed into 

orthogonal array of S / N ratios. Taguchi recommends 

using S/N ratio to express the quality characteristics 

deflected from the required value. Usually there are three 

categories of qualitative characteristics: 

nominal - the - best, the smaller - the – better and 

the - large- the better. The optimal level is the level that 

has a higher S/N ratio[9]. 

 

Table 3: Shrinkage of individual locations 

 
PLA PLLA 

Num. m. B1 B2 B3 B1 B2 B3 

1 -0.238 1.039 1.920 -2.039 0.148 1.564 

2 -0.920 1.247 2.197 -4.087 -1.643 -0.208 

3 -2.068 0.356 1.059 -4.295 -2.227 -0.287 

4 -1.000 1.246 2.019 -1.930 -0.198 1.227 

5 -1.237 0.485 1.851 -3.157 -1.296 0.515 

6 1.841 2.989 4.067 -2.751 -0.485 1.188 

7 -0.356 1.762 2.622 -1.603 0.287 1.633 

8 1.366 2.524 3.988 -2.088 0.020 1.920 

9 2.484 3.869 5.205 -3.572 -1.197 0.475 

10 -1.969 -1.054 0.483 -0.601 0.118 1.576 

11 -2.782 -2.329 -1.521 -2.043 -1.324 0.172 

12 -2.742 -2.403 -2.171 -2.329 -1.969 -1.320 

13 -0.783 -0.404 -0.153 -0.399 0.591 1.994 

14 -0.389 0.143 1.777 -0.901 -0.576 -3.102 

15 -0.876 -0.468 2.014 -1.260 -0.743 1.088 

16 0.138 0.847 2.280 0.414 0.842 0.847 

17 -0.522 0.295 1.349 0.478 1.093 2.511 

18 -1.965 -1.196 0.379 -2.383 -1.876 -0.591 

 

Table 4: Final S/N ratio 

  Level of experiment 

  PLA - B PLLA -B 

Factor of experiment 1 2 3 1 2 3 

A: Meld temperature [°C]  -4.308 -2.103 -5.091 -4.820 -3.508 -3.332 

B: Holding pressure[%]  -1.734 -3.575 -6.194 -1.195 -5.172 -5.294 

C: Injection speed [ccm/s] -4.037 -3.881 -3.585 -2.824 -4.523 -4.314 

D: Thickness [mm] -5.620 -2.048 - -5.266 -2.508 - 

  PLA -B1 PLLA - B1 

Factor of experiment 1 2 3 1 2 3 

A: Meld temperature [°C]  -2.774 0.722 2.558 -6.699 -2.934 -2.502 

B: Holding pressure [%]  5.818 0.188 -5.499 0.681 -4.582 -8.234 

C: Injection speed [ccm/s] 0.898 -3.301 2.909 -2.089 -5.794 -4.252 

D: Thickness [mm] -0.210 0.548 - -8.568 0.478 - 
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  PLA - B2 PLLA - B2 

Factor of experiment 1 2 3 1 2 3 

A: Meld temperature [°C]  -1.449 4.375 -2.372 2.588 5.006 6.434 

B: Holding pressure [%]  0.284 2.747 -2.478 11.016 4.847 -1.835 

C: Injection speed [ccm/s] -0.191 -2.767 3.512 12.880 0.810 0.339 

D: Thickness [mm] -2.570 2.939 - 7.417 1.935 - 

  PLA - B3 PLLA - B3 

Factor of experiment 1 2 3 1 2 3 

A: Meld temperature [°C]  -2.841 -3.064 -6.009 4.920 -2.344 -0.907 

B: Holding pressure [%]  -0.774 -5.907 -5.234 -3.070 1.866 2.874 

C: Injection speed [ccm/s] -5.370 -1.027 -5.518 -3.953 5.364 0.259 

D: Thickness [mm] -7.928 -0.015 - 2.183 -1.070 - 

 

With this evaluation we can predict the best parameters 

with the lowest quality defects 

,
1

1

2



n

i

iB
n

MSD                             (2) 

whereMSD is the  mean - square deviation of output, n is 

number of measuring points, B is value of shrinkage at the 

measurement point and i – index of position. 

S/N ratio is a logarithmic function and serves as the 

objective function to optimize the process 

).log(10/ MSDNS                      (3) 

With S/N ratio and methods Smaller-the-better we can 

evaluate the most appropriate parameters for the injection 

molding process of the materials of PLA and PLLA. 

Ratios S/N are in Table 4, where show B isthe designation 

for the evaluation of all positions of measurements. Other 

locations are evaluated separately. 

Values of S/N degrees are plotted depending on factors 

experiment. Fig. 4 shows the results of S/N ratios for PLA 

material. From these graphs are evaluated most suitable 

parameters for the injection process in production of test 

samples in an injection tool. 

 

  
  

  
Fig.4. Mean S/N evaluating influence of each parameter injection material for PLA 
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The optimal ratio of the experiment is the one which 

shows the highest value of S/N ratio. Optimal setting 

parameters for material PLA are temperature of185 °C, 

holding pressureof 80 %, injection speed of 75 ccm/s and 

thickness of 4 mm. 

If we compare the parameters in the individual position 

where the thickness was measuredand then the shrinkage 

was calculated and the optimal parameter settings for the 

PLA material at point B1 the melt temperature is of 

195 °C, holding pressureof 80%, injection speed of 

75 ccm/s, the thickness of 4 mm. At point B2, the melt 

temperature is of 185 °C, holding pressure of 90%, 

injection speed of 75 ccm/s and the thickness of 4 mm. At 

point B3, the melt temperature is of 175 °C, holding 

pressure of 80%, injection speed of 50 ccm/s and the 

thickness of 4 mm. 

Fig. 5 shows S/N ratios for PLLA material. From the 

viewpoint of the moulding as a whole, the optimum 

parameters for the material melt temperature of 205 °C, 

holding pressure of 80%, injection speedof25 ccm/s and 

the thickness of 4 mm. 

If we compare the parameters in individual places for 

material PLLA optimal parameter settings in point B1 is 

melt temperature of 205 °C, holding pressure of 80%, 

injection speed of 25 ccm/s s and the thickness of 4 mm. 

At point B2, the melt temperature is of205 °C, holding 

pressure of 80%, injection speed of 25 ccm/s and the 

thickness of 2 mm. At point B3, the melt temperature is of 

185 °C, holding pressure of 100 %, injection speed of 

50 ccm/s and the thickness of 2 mm. 

 

 
 

 
 

  
Fig.5. Mean S/N evaluating the influence of each parameter injection material for PLLA 

 

VI. CONCLUSION 
 

The purpose of the experiment was to determine the 

most appropriate process parameters in terms of local 

shrinkage during injection molding of materials of PLA 

and PLLA. For this purpose they were produced and 

evaluated samples of material PLA and PLLA. These 

samples were analysed for local shrinkage values in 

predefined position, and also have been using the 

smaller - the - better methods chosen appropriate injection 

parameters. For the processing of the material PLA is the 

most suitable thickness of 4 mm, the melt temperature 

185 °C, holding pressure of 80% and an injection rate 

of75 ccm/s. 

If we compare the parameters in the individual position 

plate where the thickness was measured, and then the 

shrinkage was calculated and the optimal parameter 

settings for the PLA material at point B1, the melt 

temperature is of 195 °C, holding pressure of 80 %, 

injection speed of 75 ccm/s, the thickness 4 mm , at point 
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B2, the melt temperature is of 185 °C, holding pressure of 

90%, injection speed of 75 ccm/s, the thickness of 4 mm 

At point B3, the melt temperature is of 175 °C, holding 

pressure of 80 %, injection speed of 50 ccm/s and the 

thickness of 4 mm. 

For processing material PLLA is the most appropriate 

plate thickness of 4 mm, the melt temperature of 205 °C, 

holding pressure of 80 % and an injection speed of 

25 cm/s. 

Ifwe compare the parameters in the individual areas of 

the plate material PLLA and optimum parameters at point 

B1je melt temperature of 205 °C, holding pressure of 80%, 

injection speedof25 ccm/s and the thickness of 4 mm. At 

point B2, the melt temperature is of 205 °C, holding 

pressure of 80%, injection speed of 25 ccm/s and the 

thickness of 2 mm. At point B3, the melt temperature is of 

185 °C, holding pressure of 100 %, injection speed of 

50 ccm/s and the thickness of 2 mm. 
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