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In this paper, we propose an abnormal detection and defect prognostic method for a
polymerase chain reaction (PCR) thermal cycler. PCR is a very important technology that
is used to manipulate DNA or RNA in molecular biology. Thus, predicting the aging and
residual useful life of the PCR device is essential to minimize the occurrence of catastrophic
failure of the device. The proposed method predicts the aging and residual useful life of the
PCR thermocycler by analyzing the change in the temperature regulation rate for each of the
heating and cooling sections in the temperature profile. In this study, we analyzed three PCR
thermal cyclers using the proposed method and showed that the proposed method can be used to
measure aging.

1. Introduction

Prognostics and health management (PHM) is a predictive and effective health management
technology for diagnostic purposes(l) and remaining useful life (RUL), wherein the status of
equipment and mechanical systems is monitored using sensors and signs of failure are detected.?)
Proactive diagnostics and system state management can predict the remaining lifetime by
making use of the ability to assess the current state and capture the gradual degradation of the
asset.?) 1t is essential to predict machine failure and minimize maintenance costs, downtime,
and safety risks. The RUL is the key to the state-based maintenance and prognosis of devices.®
With accurate RUL predictions, an effective solution to the management of the asset can be
prepared in advance.

Methods of predicting device defects are divided into three categories: physical-model-based
defect prognosis, data-based failure prognosis, and experience-based defect prognosis from a
methodological point of view. The data-based approach generates fault models directly from
the sensor’s collected data.®® In this paper, a failure model is created on the basis of real-time
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data of temperature and time accumulated while operating a polymerase chain reaction (PCR)
device. The data collected in this approach is analyzed using various statistical data pattern
recognition systems, and is used to detect changes in variable data on time and predict failures.”

PCR is a molecular biologic technology used to diagnose and analyze diseases by
replicating or amplifying specific DNA regions.”) The PCR process proceeds by setting the
temperature value and time in the PCR thermal cycler. A thermal cycler is the most commonly
used machine to amplify DNA fragments by PCR.®) The PCR thermal cycler performs a
thermocycler function that raises or lowers the temperature to individual preprogrammed steps.
The performance of the PCR thermal cycler depends on the rate of temperature regulation.
Therefore, by measuring PCR thermal cycler, it is possible to predict aging or failure of the
device. Since the PCR chip generally operates at about 10 °C per second and controls the
temperature within 0.5 °C, the processing period of the ControlProc should be much smaller
than 1/20 (50 ms).”) If it takes more than one second to control the temperature, the device
is considered to behave abnormally. Diagnosing the abnormal behavior of the device and
predicting the remaining lifetime can increase asset reliability and reduce maintenance costs.

In this paper, we predict the failure of the PCR device and estimate the RUL using the
condition-monitoring data of the PCR device. Heating and cooling rates are expected to
decrease the longer the device is used. Therefore, heating and cooling times will increase.
In the temperature profile, the change in the temperature regulation rate was analyzed for
each of the heating and cooling sections. The PCR device may inadvertently be shut down
owing to external or internal factors while operating in accordance with the set temperature
protocol. In this case, there is a gap in the state-monitoring data, and the time for controlling
the PCR thermal cycle temperature is overly long, making it difficult to analyze the change in
temperature control speed. To solve this problem, the autoregressive model was first used to
filter out signals that are not fault related.'9 The filtered signals use the exponentially weighted
moving average (EWMA) filter to remove the measurement noise and find an optimal estimate.
The failure threshold for predicting the failure of the PCR instrument senses the onset of aging
and estimates the RUL using an appropriate data-based method. On the basis of this approach,
we predict new defects in the PCR thermal cycler.

In Sect. 2, the method of predicting the aging of the PCR thermal cycler is described, and
in Sect. 3, we give the experimental results obtained using the temperature profile of the PCR
device to demonstrate the efficiency of the proposed method.

2. Materials and Methods

Table 1 shows an example of a general PCR protocol used in the PCR device. Detecting the
onset of performance degradation is an effective way of predicting defects rather than accurately
predicting the RUL when the PCR device is healthy. The purpose of this experiment is not to
confirm the execution result of the PCR device, but to measure the aging of the PCR device.
Therefore, the PCR protocol used in the experiment is simpler than the existing PCR protocol.
As per the simplified protocol, the PCR thermal cycler is repeatedly heated and cooled to reach
a temperature in the range from 8 to 95 °C.
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Table 1 100

Example of general PCR protocol. %

Label  Temperature (°C) Duration (s) 80

1 50 10 b N 5

2 95 10 g .l

3 50 10 g

4 72 10 g

5 95 10 i

6 50 10 30 ¢
20
10

ol L L . L L . L L
18:01 18:02 18:03 18:04 18:05 18:06 18:07 1808 18:09
Time ()

Fig. 1. Example of general protocol.

Figure 1 shows the temperature profile obtained by performing the simplified protocol.
Since the PCR thermal cycler maintains the target temperature for 10 s, it is difficult to
accurately specify the starting points of the rising and falling sections. Therefore, 10 to 90% of
the target temperature was designated as the ascending and descending sections.'1?) In Fig. 1,
10 and 90% of the target temperature are marked with ‘0’ and ‘A’ in each temperature cycle. A
is the heating section and B is the cooling section, and heating and cooling times are calculated
in each section.

Noise in the PCR temperature-monitoring data can be caused by several factors. In
particular, noise is mostly generated by sensor inaccuracy, erroneous measurements, and
unpredictable noise. Unpredictable noise almost certainly originates from a faulty sensor
installed in the unit. The PCR instrument data includes temperature and time values. If the
PCR device is stopped during operation in accordance with the set protocol, there will be a
blank in the temperature and time values. In this case, the program that monitors each cycle
may calculate the heating and cooling times as being overly long. Hence, it is important to
remove noise to extract time data for accurate temperature control.

Therefore, the rising and falling periods are separated in the temperature profile, noise
is removed using the EWMA filter for each interval, and the temperature control time is
measured. As the equipment ages, the heating and cooling rates will decrease and the time
taken to control the temperature will increase. Therefore, since recent measurements are
closer to present measurements than older measurements, a large weight is given to recent
measurements, and a small weight is given to older measurements.

)_Ck =(Z)_Ck_1+(1—a)xk (1)

Here, X, is the average of n data from (k—n+1)th data to kth data and a is a constant with 0 <a < 1.
The noise of data was removed using the EWMA filter and autoregressive model, and the
higher data was returned to the estimated value at a higher rate. In the function, the a value for
adjusting the weight is set to 0.3. As a result, the noise of the measurement data was reduced
and the trend of the altitude change was good.
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For each cycle, the data of the cooling and heating sections were analyzed using the EWMA
filter and autoregressive model. In Figs. 2 and 3, the blue line indicates the data analyzed by
the proposed method and the red line the actual measured data. The x-axis represents the
number of samples obtained by the proposed method and the y-axis the time at which the target
temperature is reached. Since the EWMA filter is also referred to as a low-pass filter (LPF),
it is indicated as LPF in the figure legend. As shown in the figure, the noise of the data was
reduced and the trend of the altitude change was good.

3. Results

After analyzing the data using the proposed method, the moving average of each interval
is calculated. Figure 4 shows the moving average of the heating section. Figure 5 shows the
moving average of the cooling section. As a result, the time required for heating after the
PCR device has performed 3500 temperature cycles gradually increases. When the results
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Fig.2. (Color online) Data of measured and Fig.3. (Color online) Data of measured and
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Fig. 4. Moving average of heating section. Fig. 5. (Color online) Moving average of cooling

section.



Sensors and Materials, Vol. 31, No. 2 (2019) 351

are analyzed in Fig. 4, a failure prognosis is obtained after the 3500 temperature cycles. The
heating speed is found to decrease. However, it can be confirmed that the target temperature
of 95 °C is reached and the amplification is normally performed. On the other hand, when the
results are analyzed in Fig. 5, the cooling time is observed to gradually decrease. At this time,
the target cooling temperature may not reach 8 °C, and the time may seem to be shortened
because the device stops in the middle of cooling. When analysis is not possible using only
data, it is necessary to have a supervisor determine the fault on the basis of experience.

In the cooling section, the 2960th cycle does not reach the target temperature of 8 °C.
Therefore, the 2960th cycle can be considered a fault cycle. In Fig. 5, the vertical line indicates
the start of failure.

4. Conclusions

In a PCR device, the thermal cycler plays an important role in heating and cooling of the
chamber. Therefore, the detection of abnormalities and failure prediction of the thermal cycler
is essential for the reliable operation of the PCR device. In order to predict the aging of the PCR
thermal cycler, we analyzed the temperature control rate of the PCR thermal cycler over time.
In the temperature profile, the heating and cooling sections were separated and averaged, and
the variation in the temperature regulation speed was tracked in each section.

As a result of the experiment, we found that the proposed approach can give advance
warning regarding the condition of the PCR thermal cycler. If the PCR device performs the
setting temperature protocol only about 2960 times, it is considered that the device is beginning
to age. If the PCR device is used five times a day, the device will operate normally for about 1
year and 8 months. If the PCR device is checked after 1 year and 6 months unexpected errors
can be avoided. Therefore, the proposed method can successfully detect abnormal phenomena
of the PCR device, schedule the maintenance, and avoid unexpected errors.

In this study, we collected data through sensors attached to the PCR thermal cycler.
However, data on external covariances as well as condition monitoring data are needed. If the
ambient temperature is abnormally high, it may affect the components of the PCR device and
consequently speed up or slow down the heating and cooling of the camber. Therefore, data
on external covariances are also needed to measure the failure rate and correct RUL. If you
can manage PCR monitoring data in the cloud in combination with Internet of Things (IoT)
technology in the future, you can manage your data anywhere.
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