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Abstract In order to reveal the distortion mechanism of PLA
thin-plate part in the FDM process, a theoretical model based
on the theory of elastic thin plates in thermoelasticity was
established, and an experimental research approach based on
Taguchi method was presented. A special specimen was de-
signed, and the flowchart of experimental procedure was elab-
orated. Moreover, 81 test specimens were prepared through
FDM process and measured by a portable 3D laser scanner.
Two statistical analysis methods, signal to noise ratio (S/N)
and analysis of variance (ANOVA), were applied to optimize
the process parameters in order to reduce the distortion of thin-
plate part. The experimental results indicated that the optimal
process parameters can be obtained and proposed theoretical
model was proved efficient.

Keywords Fused depositionmodeling . Thin-plate part
distortion . Polylactic acid (PLA) . Taguchimethod

1 Introduction

As a manufacturing technology to fabricate physical models
or parts rapidly, rapid prototyping technology (RPT) is widely
applied in the machinery, aerospace, construction, medical,
cultural, and other fields [1–3]. Under the computer control
and management, RPT manufactures part using accurate

accumulation of materials relying on the existing CADmodel.
Different from traditional machining methods, RPT adopts
the additive manufacturing processes [4]. The represen-
tative processes of RPT are fused deposition modeling
(FDM), stereolithography apparatus (SLA), laminated object
manufacturing(LOM), selective laser sintering(SLS), 3D
printing(3DP), etc.

In FDM process, the hot-melting filament feedstock (ABS,
PLA, Polyamides, low-melting-point metal, etc.) are heated up
to their melting point temperature and then deposited by an
extrusion head; meanwhile, the extrusion head can be moved
in both horizontal and vertical directions by a numerically con-
trolled mechanism. The nozzle follows a tool-path which is
controlled by computer-aided manufacturing (CAM) software,
and the part is built from the bottom up, one layer at a time [5,
6]. In recent years, the development of low-cost desktop 3D
printer, such as MakerBot, RepRap, Fab@Home, and Cube
etc, has made FDM process widely accessible for producing
highly individual products for individual needs and small-scale
manufacturing part in home and office. Most desktop 3D
printers currently adopt either acrylonitrile butadiene styrene
(ABS) or polylactic acid (PLA) as modeling materials. Due to
the inferior thermostability, ABS would resolve into acryloni-
trile-monomer, butadiene-monomer, and styrene-monomer
when it is heated up to 250 °С. As we all known, the acryloni-
trile is an extremely toxic substance [7]. However, the PLA can
be degraded into H2O, CO2, and humus; so, it is an ideal green
polymer material and also can be highly versatile, biodegrad-
able, aliphatic polyester produced from reproducible resources,
such as corn and cassava [8]. Besides, the PLA filament has a
low-cost, low-melting point, and high mechanical property
than ABS filament [9, 10]. Based on the above advantages,
the PLA filament is largely used in the FDM process.

As one of the most difficult problems in the FDM process,
part distortion almost cannot be avoided. The hot-melting feed-
stock has experienced the glassy state, high elastic state, and
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viscous state during the deposition process. This phase change
process is characterized by the accumulation of residual stresses
and strains during material building up [11].When accumulated
to a certain extent, the residual stress would lead to distortion and
cracking in the part, which seriously affects the molding quality.

The rest of this paper is organized as follows: Some related
works are outlined based on literature in Sect. 2. Theoretical
model of PLA thin-plate part distortion is presented in Sect. 3.
The experimental research is proposed in Sect. 4. The exper-
imental results and discussion are elaborated in Sect. 5. The
conclusions and future work are summarized in Sect. 6.

2 Literature review

Aiming at investigating the distortion of molding part, lots of
theoretical models had been established. In the study of Wang
et al. [12], they constructed a mathematical model for warp
deformation of the part according to fundamental hypotheses
and simplifications. The authors quantificationally analyzed
the effects of deposition layer number, the stacking section
length, the chamber temperature, and the material linear
shrinkage rate for warp deformation. In Vatani et al. [13], they
developed a model to predict the distortion of SLA parts based
on classical lamination theory. The authors found that the final
distortion increased exponentially when layer thickness de-
creased. Similar work had been done by Kim et al [14]. In
Yan et al. [15], they established a simple model for the lami-
nated object manufacturing process and considered that the
equivalent bending moment caused by internal stress was
the basic reason of part distortion. In Xu et al. [16], they
proposed a mechanical equivalent model of resin phase
change shrinkage in stereolithography in accordance with
the distortion mechanism of thin plate. Based on this model,
the authors presented the numerical simulation of part distor-
tion in SLA using the commercial package ABAQUS.

Numerical analysis methods had been adopted to simulate
residual stresses in RPT. In Jayanthi et al. [17], they developed
a dynamic finite element simulation model to simulate the
photo polymerization of stereolithography process and
researched the effect of scanning pattern of the laser for part
distortion. In Wiedemann et al. [18], they researched the in-
teraction between material properties and process parameters
for part distortion in stereolithography through numerical sim-
ulation method. The authors stated that process parameters
must be optimized to cater the individual material to reduce
internal stresses in the part. In Dalgarno et al. [19], they de-
veloped a finite element model of part in the SLS process and
discovered that adopting double sintering to the first two
layers can reduce the part distortion. In Sonmez et al. [20],
they developed a numerical analysis model for the
thermomechanical behavior of a laminate during the LOM
process to study stress distributions and distortion phenomena

in the laminate. Similar finite element analysis model had
been developed by Nickel et al. and Zhang and Chou [21, 22].

In addition, some process measures to avoid distortion phe-
nomenon in RPT had been proposed by many researchers. In
Yugang et al. [23], they explained the distortion of part
manufactured by laser rapid prototyping from resin micro-
structure and distortion mechanism and suggested that im-
proved properties of the resin and scanning pattern could re-
duce the distortion. InWanhua et al. [24], they proposed a new
filling pattern called separate area scanning to reduce the part
deformation in SLA process. In Yang et al. [25], they pro-
posed a compensation method for the distortion of the SLS
parts. InMahesh et al. [26], they designed a benchmark part to
evaluate several RPT processes. The authors discovered that
the thermal cycling of the materials lead to asymmetrical ther-
mal gradients which caused residual stress resulting in distor-
tion. In Buchbinder et al. [27], they reduced the distortion of
aluminum components fabricated by selective laser melting
using preheating method.

Although many theoretical models, numerical analysis
methods, and process measures have been proposed to reduce
the distortion of RPT part in above literature, they have some
common disadvantages summarized as follows. First, most of
previous researchers have mainly studied the distortion mech-
anism of part fabricated by ABS, rare work has been done for
PLA. Second, the previous theoretical models are difficult to
predict the part distortion accurately, for example, the biggest
distortion of thin-plate part occurs at its four corners. Finally, a
systematic experimental study has not been done to provide
the optimum combination of process parameters for minimum
distortion. Based on our past research on the part distortion in
the FDM process, this paper tries to tackle the above problems.

In this paper, a theoretical model based on the theory of
elastic thin plates in thermoelasticity is established to predict
the distortion of PLA thin-plate part, and an experimental
research approach based on Taguchi method is proposed to
optimize the process parameters of minimum distortion.

3 Theoretical model of PLA thin-plate part distortion

In order to formulate the problem in mathematical expression,
the following notations are introduced first:

E Elasticity modulus
ν Poisson’s ratio
α Linear thermal coefficient of expansion
ε Normal strain
γ Shearing strain
Tm Melting temperature
Tg Glass transition temperature
Te Environment temperature
T(x,y,z) Temperature gradient function
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δ Thickness of thin-plate part
δ0 Layer thickness
n The number of layers
D Bending stiffness
∇2 Laplace operator
w Deflection (characterizing the distortion of

thin-plate part)
qTeq Equivalent transverse load
n Equivalent bending moment

3.1 Fundamental assumptions

Before establishing the theoretical model of PLA thin-plate
part distortion, it is necessary to simplify the depositing pro-
cess. The fundamental assumptions and simplifying items are
presented as follows.

1. The PLA filament feedstock has a weak ability to resist
the external force in the cooling process from Tm to Tg,
which results in the filament occurring a larger shrinking
with less force. Therefore, there is no internal stress accu-
mulated in the part during this process. The internal stress
in the part is mainly produced from Tg to Te.

2. The high-temperature filament cools below Tg in a ex-
tremely short time [12].

3. In order to facilitate the analysis, it is considered that each
layer has been deposited instantaneously, i.e., the temper-
ature is a constant within the same layer; the molding and
shrinking of filament feedstock proceed synchronously in
a layer.

4. There is a pair of contractile force between adjacent two
layers, and it is a nonuniform surface force. The contrac-
tile force can be decomposed orthogonally to the normal
stress component and shear stress component, and the
normal stress is perpendicular to the plane, and the shear
stress is parallel to the plane, the direction points toward a
shrinking center, as shown in Fig. 1.

5. The deposited PLA thin-plate part is regarded as the iso-
tropic body [28].

3.2 The theoretical model for the distortion of PLA thin-plate
part

If an element in the elastomer is unconstrained, a normal
strain, equaling to αT, would be caused by temperature gradi-
ent T. Based on assumption 5 and the thermal elasticity theory
[29], the distortion component of the element in the isotropic
elastomer can be calculated as follows:

εx ¼ εy ¼ εz ¼ αT
γxy ¼ γyz ¼ γzx ¼ 0

�
ð1Þ

Based on assumption 3, it can be found that the temperature
gradient T is the difference of planar temperature field be-
tween two adjacent layers, and it only changes with the z;
therefore, the issue can be reduced to two-dimensional thermal
stress problem. According to the equivalent relationship be-
tween temperature load and mechanical load in the thermal
elasticity theory [29], the displacement caused by temperature
gradient T is equal to the displacement caused by the follow-
ing virtual external forces.

The volume force component fVx and fVy can be calculated
as follows:

f Vx ¼ −
Eα
1−ν˙

∂T
∂x

f Vy ¼ −
Eα
1−ν˙

∂T
∂y

8>>><
>>>:

ð2Þ

The normal surface stress σN can be calculated as follows:

σN ¼ −
EαT
1−ν

ð3Þ

As shown in Fig. 2, at any point in the thin-plate part, the
temperature gradient function T(x,y,z) can be expressed as
follows:

T x; y; zð Þ ¼ T zð Þ ¼ Tg−Te n−1ð Þδ0−δ=2≤z≤δ=2
0 −δ=2≤z≤ n−1ð Þδ0−δ=2

�
ð4Þ

x

y

z

o

Fig. 1 The schematic diagram of theoretical model

0δ
δ

Fig. 2 A PLA thin-plate part
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The differential equation for solving bending problem of
thin plate under the thermal stress can be presented as follows
[30].

D∇4w ¼ qTeq ¼ ∇2MTeq ð5Þ

where D ¼ Eδ3

12 1−ν2ð Þ, ∇
2 ¼ ∂2

∂x2 þ ∂2
∂y2, ∇

4=(∇2)2, qTeq ¼ − Eα
1−νð Þ

∫
δ=2

−δ=2∇
2 T x; y; zð Þzdz,MTeq ¼ − Eα

1−νð Þ∫
δ=2

−δ=2T x; y; zð Þzdz.
When temperature gradient function T(x,y,z)=T(z) and

thin-plate borders are all free, the solution of Eq. (5), deflec-
tion of thin plate, can be shown as follows:

w x; yð Þ ¼ 6α Tg−Te

� �
2n−1ð Þ 1þ νð Þ

δ0n3
x2 þ y2
� � ð8Þ

The Eq. (8) is the computational formula for the deflection
of PLA thin-plate part fabricated by the FDM process.

The following conclusions can be obtained from the
established theoretical model.

1. The biggest deflection of PLA thin-plate part occurs at its
four corners.

2. With the increasing of deposition layers, the deflection
caused by the current layer shrinking shows the trend of
decreasing, i.e., the distortion mainly occurs in the initia-
tive several layers. Figure 3 illustrates the deflection of
50th-layer and 100th-layer fitted by Matlab 2012 using
the Eq. (8).

Through observing Fig. 3, it can be found that there is a
shrinking center in the deposition layer. The deflection is
smaller near shrinking center, and the greater is the farther
from it.

4 The experimental research approach

4.1 Process parameter selection

Based on the theory analysis above-mentioned and previous
research results [12, 23], the five major process parameters,
such as the layer thickness, filling speed, nozzle temperature,
filling style, and raster width, are investigated in this paper.
The values of each level for these factors are selected accord-
ing to value recommended by the equipment manufacturer,

(a) The 50th-layer (b) The 100th-layer

Fig. 3 Deflection of 50th-layer and 100th-layer

Table 1 Control factors and their
levels Factors Symbol Unit Level

low (1) medium (2) high (3)

Layer thickness A mm 0.3 0.2 0.1

Filling speed B mm/s 70 90 110

Nozzle temperature C degrees centigrade 220 230 240

Filling style D — short raster long raster offset raster

Raster width E mm 0.3 0.4 0.5
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past experiences, and real applications as shown in Table 1
and defined as follows [31].

1. Layer thickness: It is the thickness of layer deposit-
ed by nozzle and depends upon the type of nozzle
used.

2. Filling speed: It is the travelling speed of nozzle when it
fills a layer of part. This factor influences the heating and
cooling frequency in the process of deposition, which
affects residual stresses in the part [18].

3. Nozzle temperature: It is the temperature of nozzle
when it works normally. This factor mainly affects
the heat inputted into system in a specific period of
time.

4. Filling style: It is the pattern of raster used to fill the
interior regions of the PLA thin-plate part. The schematic
diagram of three typical filling styles, which are short-
raster, long-raster, offset-raster, mentioned in this paper
are exhibited in Fig. 4.

5. Raster width: It is the width of raster pattern which refers
to the width of the deposition path related to tip size [32].

Other factors are kept at their fixed level as shown in
Table 2.

4.2 Specimen preparation

A special test specimen is designed in this paper, and its shape
and dimensions are shown in Fig. 5, all units used are milli-
meter. The CAD model of specimen is modeled in Pro/
ENGINEERWildfire 5.0 and exported as a Standard Template
Library (STL) file. Whereafter, the STL file is imported to the
FDM software to form date files. The specimens for each
experiment are fabricated using the Desktop 3D Printer
MakerBot Replicator 2, and the filament feedstock used for
fabricating test specimen is polylactic acid (PLA) mentioned
in Sect. 1.

In order to fabricate the PLA thin-plate part accurately, the
support structures are adapted as shown in Fig. 5a. Mean-
while, these structures can make the test specimen separated

from prototyping platform easily by special heating-wire cut-
ting tool as shown in Fig. 6 so as to reduce the effect of peeling
force for the distortion of test specimen. In addition, the base
structure is attached to be convenient for measurement subse-
quently. It is necessary to state that the support and base struc-
ture would increase redundant stiffness for test specimens and
their influence on the distortion is not taken into consideration
in this paper.

4.3 Experimental procedure

If the classical design of experiment (DOE) method is used to
experimental design, it would require a total of 35 (243) ex-
perimental runs. Obviously, it is not practical and meaningful.
Instead of the classical design of experiment method, the
Taguchi method is adopted with lesser number of experimen-
tal runs in this paper [33].

In Taguchi design, an appropriate orthogonal array is very
important for experiment. On the basis of our theoretical mod-
el for the distortion of PLA thin-plate part mentioned in the
Sect. 3.2 and previous research results, it can be obtained that
the layer thickness is an important factor for part distortion
[12, 13, 22]. Therefore, the interactions between layer thick-
ness with filling speed, nozzle temperature, and filling style
are taken into account in this paper. Because five factors at
three different levels and three interactions are considered, the
total degree of freedom happens to be 26. Hence, the orthog-
onal array L27 (3

13) is selected for our experiment, which is

(a) short-raster (b) long-raster (a) offset-raster 

Fig. 4 The schematic diagram of three typical filling styles

Table 2 Fixed factors and their levels

Fixed factors Level Unit

Build orientation 0 degree

Air gap 0 mm

Environment temperature 25 degrees centigrade

Visible surface Normal raster —

Number of shells 2 —

Infill 100 % —

Int J Adv Manuf Technol (2015) 79:1117–1126 1121



consisted of 13 columns for assigning factors and interactions
and 27 rows for different experiment conditions. The final
experimental plan is shown in Table 3. It is obvious that the
experimental runs can be cut down from 243 to 27 by
adopting the Taguchi method.

The flowchart of experimental procedure is shown in
Fig. 6. In order to reduce the influence of accidental

factors as much as possible, three identical test speci-
mens are fabricated for each case, which resulted in a
total of 81 test specimens. The noncontact measurement
system, a portable 3D laser scanner, is used to measure
experimental results to avoid the error caused by contact
measurement such as the forces upon the test specimen
influencing the accuracy. All the point cloud data acquired

3
5

Fig. 5 Test specimen for the
distortion of PLA thin-plate part

Fig. 6 The flowchart of experimental procedure
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through the 3D laser scanner is processed using Geomagic
studio 13 to obtain the *.wrp file. Then, comparing
*.wrp file with original CAD file of test specimen using
Geomagic qualify 13, the deflection of specimens would
be obtained. What needs to stress, the average value of
maximum deflection at four corners would be defined as
observed value in this paper.

4.4 Analysis method for experimental results

In the Taguchi method, the signal to noise ratio (S/N) is
adopted to evaluate the deviation between the experi-
mental value and the ideal value. There are three quality
characteristics in the analysis of the signal to noise ratio, such
as the smaller-the-better characteristic, the nominal-the-better
characteristic, and the larger-the-better characteristic. The

objective of this paper is to reduce the distortion of PLA
thin-plate part; therefore, the smaller-the-better characteristic
is selected. Its signal to noise ratio (S/N) can be calculated as
follows:

η ¼ −10 log
1

p

Xp

i¼1

w2
i

" #
ð10Þ

where p is the repeated times of each case, wi is the value for
current experiment.

Furthermore, the analysis of variance (ANOVA) can
be adopted to identify the degree of importance of fac-
tors and interactions to the distortion of test specimens.
The following equation can be used to calculate the
parameters for ANOVA.

The total sum of square deviation (SST) and total degree of
freedom ( fT) can be calculated as follows:

SST ¼
Xn

i¼1

η2i −
T 2

n
ð11Þ

f T ¼ n−1 ð12Þ

The sum of square deviation of j-th factor (SSj) and its
degree of freedom ( fj) can be calculated as follows:

SS j ¼ 1

r

Xm
i¼1

T2
i −

T2

n
j ¼ 1; 2;⋯kð Þ ð13Þ

f j ¼ m−1 ð14Þ

The sum of square of error (SSE) and its degree of freedom
( fe) can be calculated as follows:

SSE ¼ SST−
Xk

j¼1

SS j ð15Þ

f e ¼ f T −
Xk

j¼1

f j ð16Þ

Table 3 Experimental plan with the average experimental data and S/N
ratio data

Exp. no. Factor wave

(mm)
S/N ratio
(dB)

A B C D E

1 1 1 1 1 1 0.56 5.03624

2 1 1 2 2 2 0.77 2.27019

3 1 1 3 3 3 0.73 2.73354

4 1 2 1 2 3 0.76 2.38373

5 1 2 2 3 1 0.58 4.73144

6 1 2 3 1 2 0.58 4.73144

7 1 3 1 3 2 0.45 6.93575

8 1 3 2 1 3 0.38 8.40433

9 1 3 3 2 1 0.53 5.51448

10 2 1 1 1 1 0.82 1.72372

11 2 1 2 2 2 0.89 1.01220

12 2 1 3 3 3 0.85 1.41162

13 2 2 1 2 3 0.87 1.20961

14 2 2 2 3 1 0.71 2.97483

15 2 2 3 1 2 0.78 2.15811

16 2 3 1 3 2 0.66 3.60912

17 2 3 2 1 3 0.68 3.34982

18 2 3 3 2 1 0.89 1.01220

19 3 1 1 1 1 0.88 1.11035

20 3 1 2 2 2 1.21 −1.65571
21 3 1 3 3 3 0.97 0.26457

22 3 2 1 2 3 1.03 −0.25674
23 3 2 2 3 1 0.82 1.72372

24 3 2 3 1 2 1.14 −1.13810
25 3 3 1 3 2 0.75 2.49877

26 3 3 2 1 3 0.94 0.53744

27 3 3 3 2 1 0.98 0.17548
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The variance of j-th parameter (MSj) and the variance of
error (MSE) can be calculated as follows:

MS j ¼ SS j= f j ð17Þ

MSE ¼ SSE= f e ð18Þ

F-ratio of j-th factor can be calculated as follows:

F j ¼ MS j=MSE ð19Þ

where n is the total number of experiments,m is the number of
level for each factor, k is the number of columns of orthogonal
array, r=n/m, T is the total sum of S/N ratio, Ti is the sum of
S/N ratio when the level of factors is fixed on i-th row for an
arbitrary column.

5 Experimental results and discussion

Themain effect plot for signal to noise ratio, as shown in Fig. 7,
is used to reflect the effect law of each factor for the distortion
of test specimens, and the ANOVA results are presented in
Table 4. Figure 8 presents two examples of error cloud chart
between test specimen and CAD model (case 6, 20).

The influence of five main factor levels on the distortion of
PLA thin-plate part can be obtained intuitively from the main
effect plot for S/N ratio and the optimum factor levels listed in
Table 5. By the analysis of variance, the significant factors and
interactions can be identified obviously, and the importance of
factors and interactions for distortion of thin-plate part can be
ranked as follows: A>B>D>A*B>C>A*D>E>A*C, and
this result corresponds to main effect plot.

Comprehensive analysis of theoretical model and the ex-
perimental results, the conclusions can be summarized as
follows:

1. By the statistical analysis of this experiment, it can be
found that with the decreasing of layer thickness, the dis-
tortion of PLA thin-plate part increases obviously, and it is
the most significant factor to the distortion. Meanwhile,

Fig. 7 Main effect plot for S/N
ratio

Table 4 Analysis of variance (ANOVA) table

Source DOF Sum of square Variance F-value P

A 2 88.1250 44.0625 105.18 0.000

B 2 19.7318 9.8659 23.55 0.006

C 2 3.6089 1.8044 4.31 0.101

D 2 16.1307 8.0654 19.25 0.009

E 2 1.0625 0.5312 1.27 0.375

A*B 4 7.4163 1.8541 4.43 0.089

A*C 4 1.5689 0.3922 0.94 0.525

A*D 4 5.5399 1.3850 3.31 0.137

Error 4 1.6757 0.4189 — —

Total 26 144.8596 — — —
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the experimental results indicate that the theoretical model
established in Sect. 3.2 can describe the relations between
the layer thickness and distortion correctly.

2. As shown in Fig. 8, the biggest distortion of PLA thin-
plate part occurs at its four corners, which verifies the
validity of theoretical model. It is shown by theoretical
model that the dimension of model or part is an important
factor for the distortion. Therefore, it should be avoided
designing large dimension and thin part in the practical
application.

3. The faster the filling speed, the smaller the distortion of
PLA thin-plate part, as shown in Fig. 7b. The reason may
be that the fast filling speed results in a small range and
low-frequency fluctuation of internal stress in the part.
However, it is noteworthy that if the filling speed is too
fast, the printer will vibrate violently and noise is pro-
duced consequently.

4. The low nozzle temperature is helpful to reduce the dis-
tortion as shown in Fig. 7c, because the lower nozzle
temperature can reduce the temperature gradient during
the deposition process when environment temperature is
set to a constant. What calls for special attention is that a
too low nozzle temperature causes a low liquidity and
viscidity of molding material, and this may result in
modeling failure.

5. For factor D, the low andmedium levels are unidirectional
filling style, and the high level is offset filling style. By
observing the Fig. 7d, using offset raster causes the
smallest distortion followed by short raster.

6. The raster width seems to have little influence on the
distortion of PLA thin-plate part as shown in Fig. 7e.

6 Conclusions and future work

In this paper, a theoretical model of PLA thin-plate part dis-
tortion in the FDM process was established, and an experi-
mental study was carried out to reveal the distortion mecha-
nism. The special specimen was designed, prepared, and mea-
sured. Then, two statistical analysis methods, S/N ratio and
ANOVA, were applied to analyze the influence of five factors
on the PLA thin-plate part distortion. Finally, the optimal pro-
cess parameters for PLA thin-plate part in the FDM process
were obtained, and the proposed theoretical model was proved
efficient.

Ongoing and future work will focus on researching the
mechanical properties of PLA thin-plate part in the FDM pro-
cess. Furthermore, the distortion mechanism of other thermo-
plastic plastics or other form parts is also an important re-
search for the authors.
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(a) Case 6 

(b) Case 20 

Fig. 8 Error cloud chart (unit, mm)

Table 5 Optimum factor level with significant factors and interactions

Factor A B C D E

w Level 1 3 1 3 1

Value 0.3 110 220 offset raster 0.3
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