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Pressure steam sterilization is the preferred sterilization method for damp-heat
resistant medical devices. This study aims to reveal the risk of sterilization failure
by using temperature and pressure detectors to detect changes in the perfor-
mance of the sterilizer. Six autoclaves in a general hospital were selected as the
research objects, and the key sterilization parameters such as sterilization tem-
perature, sterilization time, sterilization pressure, and equilibration time were
verified, and the performance of the sterilizer was evaluated. This paper provides
a new way to monitor the sterilization process and to detect hidden dangers.
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Introduction

Pressure steam sterilization has many advantages in fast sterilization speed, strong
penetration, high safety and reliability, friendly environmental protection and low cost, and it
is the preferred sterilization method for damp-heat resistant medical devices [1]. There are
many factors that affect the reliability of autoclaves, such as the performance of the sterilizer,
the technical level of the operator, steam quality, water quality, instrument structure, etc. The
installation of the equipment is complicated, and there are many potential safety hazards
which must be detected timely. Therefore, how to ensure the sterilization reliability of the au-
toclave is an intractable problem in practical applications, and it has also become an important
topic to reduce the risk of hospital infection prevention and control. It has been reported that
hospital autoclaves are commonly used after their out-of-service, and lack of preventive
maintenance always results in poor sterilization quality [2, 3]. With the increase of service
time, the sterilizer is gradually aging. When the fault is not exposed timely, the sterilizer op-
erator often can not predict the performance change of the equipment in advance, which leads
to major hidden dangers in sterilization safety [4]. Preventive maintenance can ensure the
normal operation of autoclaves, improve its use efficiency and prolong its service life, which
is of great significance to ensure the quality and safety of sterilization and the safety of
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equipment use. The Asia Pacific Society of Infection Control (APSIC) [5] requires that pre-
ventive maintenance should be carried out according to the instructions of the equipment
manufacturer. Fast et al. [6] found that the frequent use of the autoclave could easily lead to
the failure of key components. In addition, the operators might not have adequate disinfection
and sterilization knowledge, and the autoclave might not be tested and maintained effectively.
At present, some hospitals have established the maintenance system for autoclaves, but it is
aimed at the maintenance after the failure, which has obvious lag. The temperature and pres-
sure detector has high sensitivity and can monitor key parameters such as sterilization temper-
ature, sterilization pressure and sterilization simultaneously [7], but its role in preventive
maintenance is rarely studied, and a mathematical model using genetic programming [8] is
much needed in future. In this study, the temperature and pressure detector is applied to the
preventive maintenance of autoclaves, and to explore the actual sterilization parameters, so as
to provide a reference for improving the maintenance system of pressure steam sterilization.

Materials and methods

In this study, we select six pulsating vacuum pressure steam sterilizers (MST-
9618HS2) with a volume of 1.5 m?, which have been used for eight years and the average dai-
ly working time exceeds eight hours, two temperature and pressure detectors (Big Dipper).
The whole device has seven temperature probes and one pressure probe, and each temperature
probe is also connected with a slender wire with length of 1.2 m, and the equipment is
equipped with a data intelligent analysis system. The accuracy of the temperature and pres-
sure detector is £0.05 °C, temperature resolution is 0.001 °C, temperature range is from
—60 °C to 150 °C, and pressure accuracy is 1.0 kPa. The pressure resolution was 0.001 kPa,
the pressure measurement range is 0~700 kPa. The standard test package is folded into a
package with sizes of 220 mm x 300 mm x 250 mm, the total weight of the package is
7 kg £0.14 g. The standard test package meets the requirements of the GB 8599 standard. The
standard test package is removed from the sterilizer after the test cycle and cooled in a room
environment with temperature of 20-30 °C and relative humidity of 40-60%. If the weight of
250 mm thick standard test bag exceeds 7.14 kg, it cannot be used any more. After daily use,
the standard test package should be cleaned in time to facilitate steam penetration and avoid
affecting the test results.

Follow the WS 310.2-2016 standard to prepare the autoclave before sterilization,
and the experiment process meets the requirements of health industry standards.

The performance of the sterilizer is tested by using the temperature and pressure de-
tectors, and their distribution is in accordance with small load temperature test and full load
temperature test according to the GB 8599-2008 standard. Following is the detectors distribu-
tion: No. 5 sensor is placed near the exhaust port, No. 1-No. 6 temperature sensors are placed
in the bleached pure cotton cloth package of 30 cm x 25 cm x 25 cm, No. 1 temperature sen-
sor is placed in a lower place of the package, No. 2-No. 4 temperature sensors are placed in
the center, and No. 6 temperature sensor is placed in the upper place, see fig. 1. The positions
of No. 1-6 sensors in full-load verification and small-load verification are the same, but the
positions of No. 7 temperature sensors are different. The small-load temperature sensor No. 7
is placed at 50 mm above the vertical center of the test package, as shown in fig. 1(a). During
the full-load verification test, the No. 7 temperature sensor should be placed under the first
layer of cotton cloth in the test package, as shown in fig. 1(b). Put the standard test package in
the exhaust port of the autoclave, select the corresponding sterilization procedure, and moni-
tor the sterilization temperature, sterilization pressure, and sterilization time throughout the
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process. After sterilization, the monitoring data are automatically obtained, and after compre-
hensive interpretation of the measured data, a test report combining data list and curve tables
are generated. The range of sterilization parameters is evaluated according to the technical re-
quirements of the GB 8599 standard. According to the WS 310.3-2016 standard, the sterilizer
is monitored physically, chemically and biologically.
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Figure 1. Schematic diagram of load distribution of temperature and pressure detector sensor;
(a) small load and (b) full load

The sterilization temperature is set at 134 °C, the upper limit does not exceed
137 °C, and the sterilization time is set at 300 seconds. The sterilization and maintenance time
of 134 °C should be 3 minutes. The reference range of the sterilization pressure is
201.7-229.3 kPa. The equilibration time in the small load temperature test shall require a steri-
lizer larger than 800 L, and the equilibration time shall not exceed 30 seconds.

The experimenters have been professionally trained to understand the parameter set-
tings of different procedures of the pressure steam sterilizer, and can independently conduct
the placement test and read and save the results. In order to ensure the accuracy of the data,
the results are treated by two people and two computers.

Statistical analysis is performed using SPSS 26.0, counting data are expressed by
case number and percentage, y2 test is used for comparison between groups, and P < 0.05 is
considered as statistically significant.

Results

Monitoring of physical parameters under
different loading conditions

A total of 74 times of parameter monitoring were carried out for the preventive
maintenance of the autoclave. Among them, there were 29 small load temperature tests, six of
which passed the physical parameter, and the qualified rate was 20.69%. There were 45 full
load temperature tests, 24 of which passed the physical parameter, and the qualified rate was
53.33%. Under the condition of full load, the qualified rate of physical parameters of sterilizer
is relatively high (y2 = 7.796, P < 0.05), see tab. 1.
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Table 1. Comparison of physical parameters monitoring of sterilizer for preventive maintenance

Project Qualified | Unqualified/disqualification | Percent of qualified %2 value P
Small load 6 23 20.69%
7.796 0.005
Full load 24 21 53.33%

Monitoring of physical parameters
for preventive maintenance

During 74 times of preventive maintenance of autoclave, there were 44 unqualified
physical parameters. The unqualified physical parameters mainly included six situations: pro-
longed equilibration time, insufficient sterilization time, minimum sterilization temperature
below the lower limit, maximum sterilization temperature above the upper limit, and steriliza-
tion pressure above the upper limit. Among them, the qualified rates are relatively low in
equilibration time extension, the minimum sterilization temperature being below the lower
limit and the sterilization pressure being below the upper limit, which are 40.54%, 66.22%
and 90.54%, respectively. See tab. 2 for the results.

Table 2. Monitoring of physical parameters of pressure steam sterilizer for preventive maintenance

Test item Qualified times Unqualified times | Percent of qualified
Equilibration time extension 30 44 40.54%
Insufficient sterilization time 73 1 98.65%

The minimum sterilization temperature

is below the lower limit 49 25 66.22%

The maximum sterilization temperature 0
is higher than the upper limit & ! 98.65%
Sterilization pressure is below 67 7 90.54%

the upper limit

Analysis of preventive maintenance process
of No. 3 autoclave

During the preventive maintenance of No. 3 autoclave, it was found that the mini-
mum sterilization temperature varied from 133.70~133.90 °C, not 134.0 °C, but the sterilizer
showed that the sterilization temperature was still 134 °C. The equilibration time varied from
30-145 seconds, and the sterilizer did not give an alarm, see fig. 2 for the sterilization opera-
tion diagram. After three days of continuous operation, it is found that the vacuum pump was
damaged, which was then replaced. After replacement, the test still showed that the steriliza-
tion temperature was still unqualified, see fig. 3. We contacted the manufacturer's engineer
again for maintenance, and found that the temperature sensor was abnormal. After calibrating
the temperature sensor, the test continued, and the sterilization parameters became qualified,
see fig. 4. The test results are shown in tab. 3.

From June 2021 to December 2022, the monthly average number of faults of the
sterilizer was reduced from the original 4.5 times to 2 times, and the number of faults was
significantly reduced, and the sterilizer could basically run safely and stably.
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Figure 2. Sterilization operation diagram before maintenance
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Figure 3. Sterilization operation diagram after replacing vacuum pump

Discussion

Preventive maintenance refers to the inspection, maintenance and necessary debug-
ging of the equipment, which is a necessary means to ensure the normal operation of the
equipment and the qualified sterilization quality of medical instruments [9-11]. The physical
parameters of the sterilizer are not only the basis to ensure the qualified sterilization effect,
but also the key indicators of the performance of the sterilizer itself. National Health and
Family Planning Commission of People's Republic of China (WS 310.3-2016) clearly re-
quires that parameters such as sterilization temperature, pressure, and time should be moni-
tored with a temperature and pressure detector every year, and the detector probe should be

placed in the most difficult sterilization position.
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Figure 4. Normal sterilization operation diagram of autoclave

Chen et al. [3] found that according to the investigation in Guangdong Province,
84.86% of CSSD hospitals did not use temperature and pressure detectors to monitor the per-
formance of autoclave regularly. It was reported that most of the CSSD autoclaves in domestic
hospitals were overloaded, and faults occurred from time to time, which affected the normal de-
velopment of medical work [12]. Therefore, preventive maintenance of autoclave should be im-
plemented to ensure the quality and safety of autoclave. The results of this study show that the
qualified rate of small load test is 20.69%, and the qualified rate of full load test is 53.33%. The
qualified rate of full load test is higher than that of small load test, and the difference between
them is significant (2= 7.796, P < 0.05). The reason is that when the sterilized articles are cov-
ered with the cavity, there is no space for the cold air masses, which minimizes the influence of
cold air masses on the temperature in the sterilization chamber, so the qualified rate of full load
is high. During the small load test, there is excessive cold air in the cavity, and the temperature
probe of the temperature and pressure detector is placed in the standard test package. When the
steam penetration ability decreases and there is residual non-condensing gas in the standard test
package, the parameters such as sterilization temperature and sterilization time in the standard
test package will be unqualified, revealing the risk of sterilization failure.

Through analyzing the physical parameters of the 74 times preventive maintenance
monitoring of autoclaves, there are mainly problems such as prolonged sterilization equilibra-
tion time, insufficient sterilization maintenance time, and the minimum sterilization tempera-
ture lower than the set temperature, and there are potential safety hazards of sterilization fail-
ure. The experimental results of Meng et al. [4] showed that during the full load dressing, the
actual test temperature of the sterilizer used for eight years is lower than that of the sterilizer
used for one year, and its average deviation from the setting temperature is 3.10%. The un-
qualified parameters may be related to the aging of some sterilizers, which is close to the
deadline of the performance of some sterilizers, resulting in the decline of the sterilizer perfor-
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Table 3. Monitoring results of physical parameters of No. 3 autoclave for preventive maintenance

esion | Dt | TN, LY, EQetn) Ml | | s moor
[°C] [°C] [second] [second] [kPa]

Full load 135.50 133.80 125.00 210.00 303.0 qualified

Small load | 135.00 133.70 104.0 219.00 301.0 | qualified

Full load 135.20 133.70 49.00 272.00 302.0 qualified

Small load | 134.85 133.71 145.00 210.00 297.35 | qualified

Full load 134.90 133.90 24.00 285.00 304.00 | qualified

Small load | 134.60 133.70 127.00 180.00 304.00 | qualified

Preventive | Full load 136.93 133.85 30.90 284.00 302.13 | qualified

maintenance | Small load | 134.59 133.72 71.00 230.00 305.96 | qualified

Full load 134.93 133.77 105.00 212.00 301.24 | qualified

Small load | 135.79 133.71 118.00 256.00 301.29 | qualified

Full load 135.27 133.80 86.00 247.00 304.45 | qualified

Small load | 134.55 133.71 122.00 190.00 305.28 | qualified

Full load 134.40 133.79 76.00 226.00 301.45 | qualified

Small load | 134.93 133.77 138.00 199.00 300.06 | qualified

Detection | Full load 134.45 133.81 92.00 199.00 306.27 | qualified

ovifrtﬁ;ul Small load |  134.56 133.79 20.00 188.00 | 306.38 | qualified

(Replace | Full load 134.45 133.79 137.00 153.00 305.82 | qualified

VSS#]L;,T Small load 134.69 133.77 158.00 162.00 305.34 | qualified
Detection

after Full load 134.48 134.82 26.00 191.00 305.82 | qualified
calibrating

the
te”;gﬁ;%tr“re Small load |  134.69 134.77 24.00 187.00 | 305.34 | qualified

Note: The sterilization temperature is set at 134 °C, the upper limit does not exceed the sterilization temperature +3 °C,
the equilibration time is < 30 seconds, and the reference range of sterilization pressure is 201.7-229.3 kPa.

mance. According to the investigation in hospitals of low- and middle-income countries,
none of most-used autoclaves reached acceptable physical parameters, and all autoclaves
had been used for over 16 years, with an average working life of 25.3 years, which are lack
of preventive maintenance and performance testing [13]. The CSSD managers should focus
on sterilizers with long service life (>5 years) and heavy workload, strengthen their preven-
tive maintenance, and find out the existing problems in time, so as to avoid major failures.
When the autoclave reaches the service life recommended by the equipment manufacturer, it
should be scrapped. If it is to continue to use, it should be reported to the special equipment
inspection and testing institution for inspection, and the performance of no major defects
can be used, otherwise there will be double safety risks of pressure vessel accident and un-
qualified sterilization.



Ding, L., et al.: Application of a Temperature and Pressure Detector to ...
2208 THERMAL SCIENCE: Year 2024, Vol. 28, No. 3A, pp. 2201-2210

When all the three routine monitoring are qualified, the monitoring results of tem-
perature and pressure detector are unqualified, and there are potential safety hazards in sterili-
zation quality. According to the thorough analysis of No. 3 autoclave, it can be known that the
test result of temperature and pressure detector was unqualified before the sterilizer broke
down. The sterilizer gave an alarm to indicate that the vacuum pump was damaged. The vac-
uum pump is used to pump out cold air, steam, and condensed water from the cabin during
exhausting. The autoclave is overloaded for a long time, and the sterilizer is close to the scrap
use period, resulting in the performance of the vacuum pump, unable to fully withdraw non-
condensable gas, resulting in the decline of steam penetration capacity. After replacing the
vacuum pump, the monitoring results of the temperature and pressure detector are still un-
qualified, while the routine monitoring results are qualified. We contacted the equipment en-
gineer to find the reason again. After calibrating the temperature sensing probe of the steriliz-
er, the monitoring results of the temperature and pressure detector is qualified. But in the rou-
tine of practical work, such problems cannot be found. It can be seen that the daily physical
monitoring is not consistent with the actual sterilization parameters in the package. The tem-
perature probe of the sterilizer is directly exposed to the pipeline, which can only indicate the
temperature change of the sterilizer cavity, and cannot objectively reflect the actual parame-
ters inside the sterilized package. He et al. [14] pointed out that by simulating the leakage
fault of pulsating vacuum steam sterilizer in the heating stage, it is also found that the tradi-
tional three monitoring methods can not find the risk of sterilization failure in time, and the
risk of sterilization failure increases obviously with the increase of the proportion of non-
condensed gas or the extension of air leakage time. Wu et al. [15] proposed that after a new
installation, displacement and overhaul are insufficient and problems cannot be found in time,
and the sterilizer should be tested by temperature and pressure detector. Therefore, tempera-
ture and pressure detector detection should be included in the preventive maintenance and
overhaul routine testing of autoclaves, and the detection items and frequency should be de-
fined to strengthen the standard management of autoclaves.

Preventive maintenance includes daily maintenance and periodic maintenance,
which is not only low in cost, but also will not affect the continuous function of equipment
and reduce the economic losses caused by major faults of sterilizers. It takes an average of
five working days to solve the problems in the sterilization cycle of autoclave. After the
equipment breaks down, it needs to be overhauled or replaced on a large scale, which takes a
long time and seriously affects the normal medical work. Through the temperature and pres-
sure detector, the performance change of sterilizer can be found early, and preventive mainte-
nance can be carried out in time. The average monthly failure rate of the sterilizer is reduced
from 4.5 times to 2 times, which greatly reduces the downtime and economic cost. Van Wezel
et al. [16] proposed that the current preventive maintenance of sterilizer is based on time, and
the change of sterilizer performance is not considered. What is worth considering in the future
is whether preventive maintenance should be based on the process of events to respond to the
changing trend of key performance indicators of equipment. In order to reduce the occurrence
of unexpected faults, Musagil et al. [17] established an algorithm to predict the sterilization
performance change of small pressure steam based on the vacuum pump and steam generator
to accurately evaluate the performance change of the sterilizer. Sudden temperature changes
or heat-shock response during operation should be also considered in the prediction [18, 19].
With the wide applications of evidence-based medicine, the safety early warning model of au-
toclave can be established based on sterilization parameters, and the scientific maintenance
scheme can be constructed according to the working years of sterilization equipment, and pas-
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sive failure maintenance can be changed into active preventive maintenance, so as to ensure
the quality and safety of pressure steam sterilization and the use safety of autoclaves.

Conclusion

The application of a temperature and pressure detector to preventive maintenance of
autoclaves can monitor the key parameters in the operation process of autoclave in real time,
ensure the accuracy and effectiveness of the sterilization process, predict the sterilization per-
formance of the autoclave prospectively, avoid the disadvantages of routine three monitoring,
and intervene as early as possible to effectively reduce the risk of sterilization failure, ensure
the optimal operating condition of autoclaves, so as to further improve the quality control sys-
tem of pressure steam sterilization, prevent and control hospital infection from the source, and
improve the quality and safety level of sterilization.
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