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Abstract: Three-dimensional printing quality is critically affected by the transmission condition of 3D
printers. A low-cost technique based on the echo state network (ESN) is proposed for transmission
condition monitoring of 3D printers. A low-cost attitude sensor installed on a 3D printer was
first employed to collect transmission condition monitoring data. To solve the high-dimensional
problem of attitude data, feature extraction approaches were subsequently performed. Based on the
extracted features, the ESN was finally employed to monitor transmission faults of the 3D printer.
Experimental results showed that the fault recognition accuracy of the 3D printer was obtained at
97.17% using the proposed approach. In addition, support vector machine (SVM), locality preserving
projection support vector machine (LPPSVM), and principal component analysis support vector
machine (PCASVM) were also used for comparison. The contrast results showed that the recognition
accuracies of our method were higher and more stable than that of SVM, LPPSVM, and PCASVM
when collecting raw data via the low-cost attitude sensor.

Keywords: echo state networks; condition monitoring; 3D printer; machine learning; feature
extraction

1. Introduction

As a rapid prototyping technology, 3D printing is based on a digital model and can be sticky
with powdered metal or plastic. Materials are used to construct objects via layer-by-layer printing [1].
The application domain of 3D printing is expanding rapidly. In the electronics, aviation, automobile
manufacturing, and medical industries, 3D printing can produce small batches of customized
components with low cost and high efficiency [2]. The quality of 3D printing products are greatly
reduced when transmission faults occur [3]. Under these circumstances, a novel cable-driven parallel
3D printer was developed to fine tune the transmission of 3D printers [4], and a spring-assisted
mechanism was investigated to identify the transmission performance of 3D printers by comparison
with a conventional tilting mechanism [5]. However, even if the transmission mechanism of the 3D
printer is well designed, it will encounter faults during its life time. In summary;, it is necessary to
develop low-cost transmission condition monitoring techniques for 3D printers, which will monitor
the quality of 3D printing.

Over the past few decades, many methods for monitoring mechanical systems have been
developed, such as vibration monitoring, temperature-based diagnosis, spectrum analysis, etc. [6,7].
For instance, condition monitoring of machine-bearing housing using the measured experimental
values of the acceleration amplitude of mechanical vibrations was studied in Reference [8], a new
switching unscented Kalman filter algorithm was proposed in Reference [9] to predict the remaining
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useful life of bearings, and a method based on a generalized synchro-squeezing transform with
vibration data was proposed to detect gearbox faults in Reference [10]. In addition, work in condition
monitoring for machinery includes an approach using moment and rotor angle sensors that was
proposed to monitor wind turbines [11] and the use of multiple sparse auto-encoders reported for
dynamic state monitoring of 3D printers [12]. At present, new intelligent classification methods such
as artificial neural networks (ANNSs) [13], SVM [14], fuzzy logic [15], and neighborhood preserving
embedding (NPE) [16] have been gradually employed for condition monitoring.

An ANN is an information processing system designed to imitate the way human brain’s work [17].
This model has the capabilities of associative memory, pattern matching, and similarity induction. This
is why the model has the ability to accomplish nonlinear mapping the relationship between system
states and fault causes [18]. However, ANN tends to fall into local minimum and over-fitting problems
when applied to condition monitoring [19]. In Reference [20], it was confirmed that a back propagation
neural network (BPNN), a kind of ANN, is not an effective technique for condition monitoring of
3D printers, while SVMs can effectively diagnose 3D printers when using high-cost attitude sensors.
However, data noise increases when low-cost attitude sensors are employed for data collection. Thus,
the condition monitoring accuracy of SVMs will decrease dramatically. For this reason, it is necessary
to propose a more effective monitoring method for 3D printers.

The echo state network (ESN), proposed by Jaeger in 2001 [21], is a type of recurrent neural
network, which includes a large, sparse, and randomly connected set of neurons, known as the
reservoir. After initialization, the reservoir remains fixed and the learning effort is only necessary for
the output (readout) connections. The ESN can be viewed as a type of reservoir computing (RC) and
is particularly suitable for time-series processing [22]. In this paper, the monitoring data of the 3D
printer was time-series data. Moreover, the ESN is still an effective method in dealing with time-series
data with high noise [21-23]. Hence, ESN is employed for transmission condition monitoring of 3D
printers in this paper. However, due to the high dimension of the attitude data, it is better to extract
some features as the input data for ESN.

Feature extraction refers to constructing some features via mapping the useful information
contained in the original feature to a lower dimension feature space [24]. There are many ways to
extract features such as data mining techniques, statistical feature extraction techniques, and neural
network methods. Traditional feature extraction methods are employed to condition monitoring,
including empirical mode decomposition [25], linear discriminant analysis (LDA) [26], and locality
preserving projection (LPP) [27]. These feature extraction methods are proven to be effective in
improving the accuracy of condition monitoring when data noise is high. For monitoring the 3D printer
more effectively, it is necessary to extract features from raw data before ESN modeling. Correspondingly,
a technique based on the echo state network is presented in this paper to monitor the transmission
system of 3D printers.

The rest of this paper is organized as follows. The proposed method is introduced in Section 2.
Section 3 presents the details of the experiment using the proposed method for 3D printer monitoring.
The results and discussion and the conclusion are reported in Sections 4 and 5, respectively.

2. Methodologies

The details of the proposed method are introduced in this section. The first step is to extract
features from the data, which is introduced in Section 2.1. Then, an explanation on how to use the
features in the ESN is given in Section 2.2. An overview of the present approach is subsequently
provided in Section 2.3.

2.1. Feature Extraction

Due to the high dimension and noise of the time-series data obtained by monitoring the 3D printer,
it was very important to extract features from the time-series data. The data from the 3D printer can be
extracted in different modalities such as time-domain features and time-frequency features. It should
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be noted that features in one domain are insufficient to reflect all aspects of the faults. Hence, both
time-domain and time-frequency features are applied to fault diagnosis in this work.

To obtain time-domain features from the raw data (i.e., monitoring data), 10 time-domain statistical
features including mean, mean square, skewness, kurtosis, peak value, root mean square magnitude,
crest factor, waveform factor, clearance factor, and impulse factor were used in this paper, which can
reduce noise interference and increase the model’s robustness [28]. These 10 features are described
as follows:

Given asetof datay; (i =1, 2, ..., n), where y; represents the data at the i-th time, the mean of the
data can be expressed by Equation (1).
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The mean square of the data, which can be calculated via Equation (2), is adopted to eliminate the
influence of the time-series data on the sum of squares of errors.
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Skewness of the data is used to reflect the degree of asymmetry of distribution, which is expressed in
the following equation:
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where Y, represents the standard deviation of the data. The kurtosis shown in Equation (4) is used to
characterize the number of peaks of the probability density distribution curve at the average value.
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The peak value reflects the range and intensity of the amplitude of the signal. The expression of peak
value is defined as follows:

Ypeak - max{yi}/ ®)

The calculation method of the root mean square magnitude of the data is written in Equation (6).
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The crest factor is the ratio of the peak to RMS magnitude, which can be calculated as follows:
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The waveform factor is the ratio of RMS to absolute mean, which can be calculated via Equation (8).
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The clearance factor and the impulse factor are expressed in Equations (9) and (10), respectively.
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where Yy is square root amplitude of ;.
The wavelet packet energy is employed as a frequency feature. The expression of wavelet packet
energy [29] is written in Equation (11).

o W3i o .
W = S = DY), (11)

where w; (i = 1, 2, ..., 8) is the i-th wavelet packet energy, and W3; means the i-th frequency range
of three-level wavelet packets. In this paper, time-frequency features including the eight-wavelet
packet energy was considered for monitoring 3D printers. In addition to the 10 time-domain features
mentioned above, there are 18 features in total.

2.2. The Concept of ESN

Both the ESN and liquid state machine (LSM) are machine learning methods for time-series
analysis, which are collectively referred to as reservoir computing methods [29]. Just as its name
implies, the ESN is composed of an input layer, hidden layer (i.e., reservoir), and an output layer.
The hidden layer is designed as a sparse network with many neurons. By adjusting the weights of the
network, the function of memory data can be achieved. The dynamic reservoir of the network, which
contains a large number of sparsely connected neurons, has the advantage of a short training time.
The ESN training is only needed to train the connection weights from the hidden layer to the output
layer. In this work, the reason for choosing the ESN was because of its more efficient construction and
training method.

As shown in Figure 1, there are three distinct sets of neurons including input, the reservoir, and
the output layer to construct the ESN. The input, the reservoir, and the output layer contain k, m and L
nodes respectively and wy,; and wy, represent output and feedback weight matrices respectively.
The weight matrices w;, and w are initialized randomly when training an ESN model [30].

—» Wour
w <«
Woack

11111,
veubs

Input layer Reservoir Output layer
(k nodes ) (m nodes ) (L nodes )

Figure 1. Schematic of the ESN (Echo State Network).

The state update of the network is governed by two state-space equations, as written in
Equations (12) and (13). Firstly, updating the reservoir states at each time step is defined by
Equation (12).

x(t) = f(Wiu(t) + wygex(t — 1)), (12)

where w;, and w are randomly initialized for a standard normal distribution to ensure that the ESN
has properties of an echo state and is fixed at the time when the network was first built. x(t) represents
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the reservoir states, u(f) denotes network inputs, and f(.) is a predefined activation function. Then the
reservoir output is governed by Equation (13).

2(t) = g(Wour [u(t); x(t)]), (13)

where z(f) is the reservoir output at a given time step, g(.) represents the output layer neuron activation
function, [u(f);x(t)] denotes the extended state vector, and w,y; is optimized via minimizing the mean
square error of z(t).

It is the core fundamental of an ESN that the reservoir is a randomly generated, large-scale,
sparse connection, which usually maintains one to five percent of the recursive connections structure.
The parameters’” optimization, including spectrum radius (SR), reservoir scale (N), input unit scale (IS),
and the sparse degree (SD), is performed to improve the performance of the ESN. The definition of
SR is described in Equation (14). Spectrum radius should be satisfied with Equation (15) to ensure
reservoir stability.

Amax = max{ /A (w)}, (14)
Amax < 1, (15)

where Amax represents the parameter of SR, A(w) is the eigenvalues of connection weight matrices.
The parameter N is the number of neurons in the reservoir, which has a great influence on the ESN’s
performance. The larger the reservoir is, the more accurate the ESN describes the given dynamic
system. However, it may also lead to over-fitting problems. The parameter IS is related to the degree
of non-linearity of samples. The parameter SD represents the connection between neurons in the
reservoir. The definition of SD is described in Equation (16).

m
SD = N (16)
where m represents the number of interconnected neurons, M denotes the total number of neurons.
The ESN can improve the performance of non-linear processing when the parameter SD increases.
The training process of the ESN is divided into two stages: samples generation and weight
calculation, i.e., the connection weight matrix woy; is determined according to the given training
samples. Suppose that the training sample (u(t), t = 1, 2, ..., p) is added to the reservoir through
the input connection matrix w;,. The reservoir states x(f) and reservoir output z(t) are sequentially
calculated according to Equations (12) and (13), respectively. In the j-th time, matrix B and T can be
constituted in Equation (17)
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where x,,(p) is the state of the m reservoir neurons at the p-th time, and z(p) represents reservoir output
at the p-th time. The weight calculation can be performed according to Equation (18) based on the
collection of state matrix B and reservoir output T.

L
2(k)~2(k) =Y w  x(k), (18)

=1 out(i)
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where 2(k) represents predicted reservoir output. The objective function can be expressed in
Equation (19) to satisfy the minimum variance of the system.

4 L
. 1
mins———=)" y(k) = ), waui(°, (19)
k=j i=1

Correspondingly, it can be reduced using Equation (20).

Wour = (B1xT)". (20)

Therefore, the ESN model can be built according to the aforementioned methods with a simple
design and implementation.

2.3. Overview of the Present Approach

According to the previous analysis, the schematic of the present method to monitor the transmission
condition of 3D printer is illustrated in Figure 2.

Time series data Collected from the sensor on the 3D printer

WWMWMMWW

Features extractlon Features extraction
The features of trammg samples The features oftestmg samples
Trammg Tes’(mg

rrrrIrtte
TEETIE R

Results
A
r B

Condition 1 Condition 2 | | = ees eee Condition N

Figure 2. Schematic of transmission condition monitoring of 3D printers based on ESN.

Step1. Collect raw monitoring data from the sensor on the 3D printer;

Step 2. Feature extraction from raw monitoring data including ten time-domain statistical features and
eight time-frequency features;

Step 3. Train the ESN model using the extracted features;
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Step 4. Test the monitoring accuracy of the healthy condition of the 3D printer with the built ESN
model; and
Step5. Output the condition of the 3D printer; end.

3. Experiments

The experiment was carried out to validate the effectiveness of the monitoring method for 3D
printers. The experimental configuration included a laptop (Inspiron N4110, DELL, Round Rock, TX,
USA), a delta 3D printer (SLD-BL600-6, SHILEIDI, Dongguan, China), and a low-cost attitude sensor
(BWT901, WIT, Shenzhen, China), as shown in Figure 3. The price of the employed attitude sensor in
this work was approximately $20. The attitude sensor resolutions of acceleration and angular velocity
were less than 5.98 x 10~ m/sec? and 7.6 x 1073 deg/sec, respectively. The delta 3D printer based on
the prototype principle of fused deposition modeling (FDM) with a symmetrical parallel transmission
mechanism was employed with the experiments in this paper. Compared to the series transmission
mechanism, the delta 3D printer with a parallel transmission mechanism shows such advantages such
as a compact structure, good stiffness and, especially, printing precision. However, printing quality
will decrease with the wear and tear of printer parts including joint bearings and synchronous belts in
the transmission chain of a 3D printer. Accordingly, an attitude sensor was installed at the end of the
delta 3D printer kinematic chain to reflect the printing condition. The low-cost attitude sensor based
on a micro electro mechanical system (MEMS) can be made extremely light and compact. Therefore,
the printing quality of the 3D printer after installing the attitude sensor will not be affected. The
output of the attitude sensor consists of nine channels including three-axial angular velocity signals,
three-axial acceleration signals, and three-axial magnetic field intensity signals.

Synchronous belt

Mark

Attitude sensor

Joint bearing

Mark

) ()

Figure 3. Experimental configuration: (a) synchronous belt; (b) joint bearing; (c) overview.

There were three major steps in the experiments, as depicted in Figure 4. The first step was to
set-up the printing program (i.e., G-code). After building a cylindrical shell model with a radius of
75 mm in SolidWorks (a 3D modeling software), the 3D model of the cylindrical shell was sliced layer
by layer via Repetier-Host (a slicing software) to generate G-code. The second step was to collect
monitoring data. Due to the parts that are prone to failure in the transmission chain of a delta 3D
printer, which include 12 joint bearings and three synchronous belts, the transmission condition of
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the delta 3D printer was divided into 16 classes, as listed in Table 1. The degree of fault as defined
in this work was moderately faulty. When the delta 3D printer executes a printing program under
different conditions, the raw monitoring data can be collected with the attitude sensor connected
to a laptop. In this work, the frequency of data acquisition by the attitude sensor is set to 100 Hz.
Finally, feature extraction for raw monitoring data was performed, including 10 time-domain statistical
features and 8 time-frequency features, as introduced in Section 2.1. After the ESN model is built using
the aforementioned features, the accuracy of the ESN model can then be obtained through testing.

Condition 1, condition 2, ***, condition 16

the simulation

of condition
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ! b
1 b |
| [
! 3D model G-code! 1 Delta3D [ e |
i Solidworks » Repetier-Host i 3 > e,t a Attitude sensor Laptop i
| | printer . |
[
i Dl i
i setting up the printing program | i |
T T T T T T T R N Collecting monitoring datal
T, T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TN T T T T~ I
i Time series i
| o 10 time- data |
! B Training | Training domain !
! | comdition_1, samples statistical Feature channel 1, ||
I S . |
i condition_2, Results features extraction | channel 2, i
I I
| |
! . . . i
i condition_16 Testing f8t1me- channel 9 |!
‘ requency -
i Testing | Samples features i
I I
I I
I I
I I
I I
I I
I
I

Figure 4. Experiment flow chart.

Table 1. Conditions of the delta 3D printer designed in the experiment.

Condition No. Condition Description Degree of Fault

1 Normal /

2 Faulty joint bearing a (others normal) loosened 0.35 mm
3 Faulty joint bearing b (others normal) loosened 0.35 mm
4 Faulty joint bearing c (others normal) loosened 0.35 mm
5 Faulty joint bearing d (others normal) loosened 0.35 mm
6 Faulty joint bearing e (others normal) loosened 0.35 mm
7 Faulty joint bearing f (others normal) loosened 0.35 mm
8 Faulty joint bearing g (others normal) loosened 0.35 mm
9 Faulty joint bearing h (others normal) loosened 0.35 mm
10 Faulty joint bearing i (others normal) loosened 0.35 mm
11 Faulty joint bearing j (others normal) loosened 0.35 mm
12 Faulty joint bearing k (others normal) loosened 0.35 mm
13 Faulty joint bearing 1 (others normal) loosened 0.35 mm
14 Faulty synchronous belt I (others normal) loosened 1.5 mm
15 Faulty synchronous belt II (others normal) loosened 1.5 mm
16 Faulty synchronous belt III (others normal) loosened 1.5 mm

In this work, nine channels of the attitude sensor including three-axial angular velocity signals,
three-axial acceleration signals, and three-axial magnetic field intensity signals were employed for
sample generation. In the experiment, 60 sets of circular data were collected for each condition and
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divided into 150 pieces. Moreover, 216 data acquisition points for each channel were obtained and
were transformed to 10 time-domain features and 8 frequency-domain features as already described.
Therefore, 2400 x 162 samples were collected in total.

4. Results and Discussion

4.1. Experimental Results Using the Proposed Method

The accuracy of the ESN model using different channel data and all nine channels under different
proportion training samples is presented in Figure 5. The precision shown in the diagram is the mean of
five tests. As can be seen in Figure 5a, the accuracy of the ESN will increase as the proportion of training
samples increases. The accuracy of the ESN was 69.82% when only using 7-9 channels of the attitude
sensor to generate data and the proportion of training samples was 50%. The monitoring accuracy of
the ESN model was almost the same when the data from channels 1-3 and channels 4-6 were employed
to train and test the ESN model using the same training sample proportion. The highest accuracy was
87.01% in these three methods to monitor the delta 3D printer. Consequently, the experimental results
demonstrate that the choice of data will affect the accuracy of transmission condition monitoring of
3D printers.

100 - 100
—+#— channel 1-3]

90f | = ol
< 80 -
2 704 < 60
g 5
= <
3 60 5 40

50 2

40§ 20

20 30 40 50 0™ %0 30 40 50

Proportion of training samples (%) Proportion training samples (%)

(a) (b)

Figure 5. The accuracy of the proposed method under different proportions of training samples:
(a) using different channels” data and (b) all nine channels’ data.

As depicted in Figure 5b, compared with the method in Figure 5a, a higher monitoring accuracy
was obtained when all the channel data of the attitude sensor were used for sample generation. With
the enlarged proportion of training samples, the mean increased and the variance decreased. This
experimental result indicates that the increase in the training samples’ proportion will improve and
stabilize the accuracy of monitoring. The highest accuracy was 97.17%, which was obtained using
the proposed method to monitor the delta 3D printer with all nine channels” data from the attitude
sensor. It should be noted that when the proportion of training samples was only 20%, that is only 30
training samples, the accuracy of the ESN model for 3D printer transmission state monitoring was
82.17%. The results identified that the ESN can still guarantee high precision in small samples with
low computational resources because the ESN is a shallow learning model.

4.2. Comparison with Peer Methods

As shown in Figure 6, SVM, LPPSVM, and PCASVM were adopted for comparison with the ESN.
As can be seen from the bar graph in Figure 6, the monitoring accuracy of SVM, LPPSVM, and PCASVM
will not increase when the proportion of training samples increases. The highest accuracy was 48.87%
using these three methods to monitor 3D printers. Furthermore, compared to the ESN, the monitoring
accuracy of the three methods was not stable.
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Figure 6. Accuracy comparison among ESN, SVM, LPPSVM and PCASVM using all nine channels
data under (a) 20%, (b) 30%, (c) 40%, and (d) 50% proportion training samples.

5. Conclusions

For economical condition monitoring of 3D printers in practical applications, low-cost signal
acquisition and efficient computing methods are necessary. In this paper, a method based on the
ESN was proposed to monitor the transmission condition of a 3D printer using a low-cost attitude
sensor. Firstly, the fault data of the 3D printer transmission was collected using a simple and low-cost
data acquisition system. Then, the ESN model was trained by extracting 10 time-domain statistical
features and 8 frequency-domain features using the nine channels” data from the attitude sensor. The
experimental results showed the effectiveness of the proposed method for condition monitoring of 3D
printers. The highest monitoring accuracy of this method was 97.17%. It should be pointed out that
SVM, LPPSVM, and PCASVM are invalid methods to monitor 3D printers when using the low-cost
attitude sensor for data collection as their highest monitoring accuracy was only 48.87%. Compared
with SVM, LPPSVM, and PCASVM, the ESN was a highly accurate and stable method for monitoring
3D printers. Therefore, the proposed data-driven method can be used for effective and economical
condition monitoring of 3D printers.
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