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Abstract

Hydrogen peroxide vaporization (HPV) is an established no-touch environmental disin-
fection technology; however, conventional systems require manual setup and may in-
volve prolonged operating times. This study evaluated a newly developed HPV Smart
Robot designed to automate hydrogen peroxide vapor distribution and aeration in a con-
trolled clinical simulation environment. A comparative performance evaluation was con-
ducted in a 48.7 m? clinical simulation enclosure. Four experimental cycles were per-
formed, including one conventional HPV cycle and three robotic HPV cycles operated
under different navigation modes and fan-angle configurations. Geobacillus stearother-
mophilus biological indicators (Bls) were used to assess sporicidal efficacy, while chemical
indicators and hydrogen peroxide concentration measurements were used to evaluate va-
por distribution. Complete biodecontamination was achieved at all 20 environmental
sampling locations in every experiment. When four robot-internal sampling sites were
included, biodecontamination rates ranged from 95% to 100%, with a single persistent
positive biological indicator detected at a recessed fan—corner junction within the robotic
platform. All experiments achieved hydrogen peroxide concentrations above the manu-
facturer-recommended target threshold (=140 ppm). Although the robotic system demon-
strated greater spatial variability in hydrogen peroxide concentration than the conven-
tional system, effective sporicidal activity was maintained throughout the enclosure. The
robotic platform reduced setup time from approximately 15 min to 5 min and shortened
total cycle duration from approximately 285 min to 221-231 min. In this controlled simu-
lation study, the HPV Smart Robot demonstrated high microbiological efficacy and im-
proved operational efficiency compared with a conventional HPV workflow. These find-
ings support the feasibility of robotic HPV biodecontamination systems while highlight-
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ing the importance of airflow optimization and internal component design to ensure con-
sistent vapor penetration.

Keywords: hydrogen peroxide vaporization; robotic disinfection; biodecontamination;
infection prevention and control; healthcare-associated infections; environmental
decontamination

1. Introduction

The COVID-19 pandemic highlighted major challenges in infection prevention and
control (IPC), including shortages of healthcare personnel and increased demand for en-
vironmental cleaning and disinfection [1-4]. During periods of high patient volume,
healthcare workers were frequently required to perform additional environmental decon-
tamination tasks beyond their routine clinical responsibilities, increasing workload and
potential occupational exposure risks [5-8]. These challenges emphasized the need for au-
tomated and efficient environmental disinfection technologies.

Hydrogen peroxide vaporization (HPV) is a well-established no-touch room disin-
fection technology with proven sporicidal activity and broad-spectrum antimicrobial effi-
cacy against bacterial spores, multidrug-resistant organisms, fungi, and enveloped vi-
ruses, including SARS-CoV-2 [9-12]. Previous studies have reported microbiological re-
ductions exceeding 6-logo for resistant bacterial spores and near-complete elimination of
healthcare-associated pathogens following HPV room decontamination [13,14]. Com-
pared with ultraviolet (UV)-based systems, HPV provides superior penetration into shad-
owed areas and more reliable inactivation of resistant microorganisms, making it partic-
ularly suitable for high-level environmental biodecontamination [13,14].

Despite these advantages, conventional HPV systems typically require manual place-
ment of vapor generators, circulation devices, and scrubbers, and their performance may
be influenced by room geometry and airflow patterns. Because circulation devices remain
fixed during operation, vapor distribution may become uneven in complex environments
[15-17].

To address these limitations, robotic HPV platforms have recently been introduced
to automate device positioning, vapor circulation, and environmental monitoring [16,18—
20]. While most published studies have focused on operational feasibility or environmen-
tal decontamination outcomes, direct microbiological comparisons between robotic HPV
systems and conventional HPV technologies remain limited. Consequently, benchmarks
regarding sporicidal efficacy, vapor distribution, and operational efficiency of robotic
HPV systems have not been fully established.

Preliminary findings from this study were previously presented as a conference ab-
stract at IDWeek 2025 [21]. The present full-length article expands upon that preliminary
report by providing a detailed description of the robotic platform and experimental pro-
cedures, site-specific biological indicator results, hydrogen peroxide concentration varia-
bility analyses, operational time metrics, and an expanded assessment of safety, regula-
tory considerations, and study limitations.

Therefore, the primary objective of this study was to conduct a preliminary compar-
ative performance evaluation of a newly developed HPV Smart Robot and a conventional
HPV system in a controlled clinical simulation enclosure. Specifically, we compared spor-
icidal efficacy, hydrogen peroxide vapor distribution, and operational cycle time to pro-
vide foundational data regarding the performance characteristics of robotic HPV biode-
contamination systems.
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2. Materials and Methods

2.1. Study Design and Setting

This study was conducted from 2 to 4 April 2024 in the Infectious Disease Clinical
Research Simulation Enclosure at Soonchunhyang University Hospital, Cheonan. The en-
closure covers an area of 48.7 m? and was designed to simulate a clinical environment for
environmental biodecontamination testing.

Temperature and relative humidity were continuously monitored using calibrated
sensors before HPV initiation. Environmental conditions ranged from 17-22 °C and 32-
50% relative humidity (RH), values that are known to influence hydrogen peroxide vapor
distribution, condensation behavior, and biodecontamination efficacy. All experiments
were conducted within environmental ranges commonly recommended for HPV applica-
tions and reported in previous studies [14,15,22,23]. Environmental conditions for each
experimental cycle are summarized in Table 1.

Table 1. Experimental Conditions.

1st Experiments

Conditions (Traditional Methods) 2nd Experiments 3rd Experiments 4th Experiments
System location Lab Central Lab wall Lab wall Lab wall
Temperature and humidity 17°Cto 18 °C 17 °Cto 18 °C 21°Cto22°C 21°Cto22°C
32% to 40% 47% to 50% 42% to 47% 45% to 47%
Robot travel paths X Direct manipulation Apply Magnetic Lines Apply Magnetic Lines
Injection time * 2h 1 h 40 min 1 h 40 min 1 h 30 min
Dwell time 30 min 30 min 30 min 30 min
Aeration time 2h 1h 40 min 1h 40 min 1h 30 min
Angle of the FAN Fi.x the .circglator in mul- Sprez.id 45 degrees Sprea.d 45 degrees Sprea.d 90 degrees
tiple directions (4 total) Aeration 90 degrees Aeration 0 degrees Aeration 0 degrees

Note 1: Environmental conditions measured immediately prior to each cycle; monitored continu-
ously during exposure and aeration phases. * Injection times were adjusted (2 h for conventional; 1
h 30-40 min for robotic trials) according to baseline humidity and real-time vapor concentration
monitoring. The shorter injection periods used in robotic experiments were determined based on
preliminary performance testing demonstrating that the integrated circulation fans achieved the
target hydrogen peroxide concentration (>140 ppm) more rapidly than the conventional system
while maintaining adequate vapor distribution. Note 2: Temperature and humidity values represent
the observed ranges recorded throughout each experimental cycle. “X” indicates that no robotic

navigation path was applicable because the conventional stationary HPV system was used.

The study protocol was approved by the Institutional Review Board of Soon-
chunhyang University Cheonan Hospital (IRB No. 2023-05-041-007), and the requirement
for informed consent was waived in accordance with the Declaration of Helsinki.

2.2. Biological Indicators and Inoculation

Standard Geobacillus stearothermophilus ATCC 7953 biological indicator carriers
(model SP-1410; Mesa Laboratories, Inc., Bozeman, MT, USA), certified according to ISO
11138-1/3 and supplied with a manufacturer-specified D-value of 1.5 min at 132 °C, were
used as challenge organisms [9,14,15]. These spores were selected because of their high
intrinsic resistance to oxidizing agents and their widespread acceptance as conservative
indicators for validating hydrogen peroxide-based biodecontamination.

Each test surface was inoculated in triplicate with 0.1 mL of a standardized G. stea-
rothermophilus suspension (107 CFU/0.1 mL) and air-dried for 2 h before HPV exposure. A
total of 24 inoculation sites representing healthcare-relevant materials, including stainless
steel, plastic, fabric, leatherette, and rubber, were evaluated during each experimental cy-
cle (Figure 1). ISO 11140-1:2014—compliant hydrogen peroxide chemical indicators (Class
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1; Mesa Laboratories, Inc., Bozeman, MT, USA) were co-located with biological indicators
to assess vapor distribution [24].

Twenty inoculation sites were distributed throughout the enclosure and used to eval-
uate environmental biodecontamination efficacy. Four additional inoculation sites were
positioned within the robotic platform to assess hydrogen peroxide vapor penetration into
enclosed robot-internal structures. Because the conventional HPV system did not include
a robotic platform, only the 20 enclosure sites were used for direct comparisons across all
experimental conditions, whereas the robot-internal sites were evaluated separately dur-
ing robotic experiments.

Above the air conditione

Docking Cente

Sterilizers

Robots Center
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Innermost bottom

@“ : incubate suspension

1. medical cart 2. medical cart drawer 3. medical tray 4. above cabinetry 5. in a cabinet drawer 6. bed sheet 7. on a mefical bed mattress 8. sphygmomanometer cuff 9. acrylic 10. patient monitor
handle 11. medical cart 12. chair 13. curtains 14. surgical lighting supporter bottom 15. medical cart bottom 16. operating table mattress top (arm section) 17. operating table mattress top (leg
section) 18. medical under-bed support 19. medical bed height adjustable tootrest 20. chair handle 21. HPV Smart Robot top (main body, behind FAN) 22. HPV Smart Robot top (main body, in
front of FAN) 23. Inside the HPV Smart Robot (corner, FAN junction) 24. HPV Smart Robot circulation FAN (plastic)
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1. wall 2. patient monitor handle 3. medical bed 4. wall 5. curtain 6. wall 7. fumigator 8. wall 9. air conditioner 10. door 11. wall 12. operating table mattress leg side 13. operating bed armrest 14.
pillar 15. medical bed 16. ceiling vent 17. no light (top) 18. behind screen 19. wall 20. robot 21. stainless steel drawer

Figure 1. Layout of the infectious disease clinical simulation enclosure showing the locations of
biological indicators (BIs), chemical indicators and hydrogen peroxide concentration meters (green
rectangles). During robotic experiments, the HPV Smart Robot operated as a mobile platform and
followed predefined travel paths within the enclosure. Arrows indicate the direction of robot
movement used during the automated navigation experiments. Twenty inoculation sites were
located throughout the enclosure, while four additional inoculation sites were positioned within the
robotic platform for internal decontamination assessment. Sites 7 and 21 represent locations where

incomplete chemical indicator color change was observed.

2.3. HPV Systems

The HPV Smart Robot (Hydrogen Peroxide Vaporization Smart Robot system; Figure
2) is a mobile robotic platform (650 x 650 x 700 mm, W x L x H) designed to automate
hydrogen peroxide vapor distribution and aeration during environmental biodecontami-
nation. The system consists of two integrated components: (1) a portable hydrogen perox-
ide vaporization unit responsible for hydrogen peroxide vapor generation and delivery,
and (2) a mobile robotic platform equipped with circulation fans, scrubber modules, nav-
igation sensors, and environmental monitoring sensors.

https://doi.org/10.3390/app16147035



Appl. Sci. 2026, 16, 7035

5 of 16

(A)

Robot (Including
circulators, Scrubbers)

Hydrogen Peroxide
Biodecontamination
system

(B) HPV Smart Robot (Robotic Platform)

Circulation Fan

(Vapor distribution) 5

Positive Bl Location
(Fan-Corner Junction)

Top Air Outlet

/ (Vapor release)

Not disinfected spot

during aeration)

Air Inlet
(Vapor intake)

(A g o

Scrubber Module ¥ == 7 “u“““‘;ma“m 4
(H,0, removal ¢ ®) T
I ) Mobile Base
\ (Autonomous
navigation)

Note: The positive biological indicator (Bl) was located at the fan—corner junction inside
the robotic platform, where microbial growth was detected after the HPV process.

Figure 2. (A) Components of the HPV Smart Robot system. The system consists of a portable hydro-
gen peroxide vaporization unit (IVH-ER), a mobile robotic platform equipped with integrated cir-
culation fans and scrubber modules, and navigation sensors for autonomous movement. The va-
porization unit generates and delivers hydrogen peroxide vapor, while the robotic platform en-
hances vapor circulation, performs aeration through onboard scrubbers, and supports automated
operation within the disinfection environment. (B) Annotated robotic platform of the HPV Smart
Robot system. The figure illustrates the major functional components involved in vapor circulation
and aeration, including the circulation fan, air inlet, air outlet, scrubber module, and mobile robotic
base. The red circle indicates the fan—corner junction, which was the only location within the robotic

platform where a biological indicator remained positive after HPV treatment.

The robotic platform incorporates a vertical circulation fan (250 mm diameter, 1120
CFM, 2750 rpm, 140 Pa; W1G250-HJ14-02, ebm-papst Mulfingen GmbH & Co. KG, Mulf-
ingen, Germany) and onboard sensors for continuous monitoring of hydrogen peroxide
concentration, temperature, and relative humidity. Navigation sensors enable autono-
mous movement along predefined travel paths, while adjustable fan-angle configurations
facilitate hydrogen peroxide vapor distribution throughout the enclosure and improve
environmental coverage.

Hydrogen peroxide vapor generated by the vaporization unit is circulated by the ro-
botic platform, and real-time sensor feedback is used to monitor environmental conditions
and confirm attainment of the target concentration threshold (=140 ppm). Residual hydro-
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gen peroxide vapor is subsequently removed through integrated scrubber modules until
concentrations decrease to safe re-entry levels (<1 ppm). All operational functions, includ-
ing navigation, vapor distribution, environmental monitoring, and aeration control, are
managed autonomously through onboard control software.

For comparison, a conventional heated vaporization system (Huen IVH ER, Huons
Meditech® Co., Ltd., Seongnam, Republic of Korea) was used. This system generates hy-
drogen peroxide vapor through controlled heating and incorporates “Air Cushion” tech-
nology to enhance vapor dispersion. The device is certified with Korea KC, European CE,
and Russia EAC markings.

2.4. Experimental Cycles and HPV Parameters

Both systems were evaluated across four independent experimental cycles. The first
cycle employed the conventional Huons® system with stationary circulators and scrubbers
positioned centrally within the enclosure. The second to fourth cycles were conducted
using the HPV Smart Robot under different navigation modes and fan-angle configura-
tions. The robot was manually guided during the second cycle and operated using auto-
mated magnetic-line navigation during the third and fourth cycles.

Prior to the comparative experiments, preliminary performance testing was per-
formed to evaluate hydrogen peroxide vapor generation, spatial distribution, and attain-
ment of the target hydrogen peroxide concentration. These evaluations demonstrated that
the HPV Smart Robot consistently achieved the manufacturer-recommended target con-
centration threshold (=140 ppm) within a shorter period than the conventional HPV sys-
tem. Accordingly, injection durations of 90-100 min were selected for the robotic experi-
ments to maintain effective vapor exposure while reducing total cycle time and minimiz-
ing excessive condensation. Hydrogen peroxide concentrations were measured using con-
centration meters positioned within the enclosure, as illustrated in Figure 1.

For concentration variability analysis, mean concentrations, standard deviations
(SD), and 95% confidence intervals were calculated using measurements obtained during
the plateau phase after attainment of the target concentration threshold. The 2140 ppm
threshold was based on manufacturer-recommended operating conditions and previ-
ously reported vaporized hydrogen peroxide concentrations used for environmental bio-
decontamination [22,23]. Effective biodecontamination was achieved through both attain-
ment of the target concentration and maintenance of a subsequent 30-min dwell phase.

The injection phase refers to active hydrogen peroxide vapor generation and disper-
sion into the enclosure. The dwell phase represents the period during which the target
concentration is maintained to maximize microbial inactivation. During the aeration
phase, residual hydrogen peroxide vapor is decomposed and removed through the scrub-
ber system until concentrations decrease to safe re-entry levels (<1 ppm).

Each experimental cycle represented a single independent operational evaluation
performed under predefined environmental and operating conditions. The multiple inoc-
ulation sites within each cycle were used as technical sampling locations to assess spatial
biodecontamination performance and vapor distribution and should not be interpreted as
independent experimental replicates.

2.5. Safety and Equipment Compatibility

HPV procedures were conducted in unoccupied rooms, and medical devices were
either removed or shielded in accordance with manufacturer safety guidance and hospital
infection control protocols [14,22]. Post-disinfection inspections were performed to verify
the absence of visible surface damage or functional impairment. This approach aligns with
regulatory and industry technical guidance, including U.S. Environmental Protection
Agency (EPA) assessments and manufacturer documentation describing the compatibil-
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ity of non-condensing hydrogen peroxide vapor with sensitive equipment [9,25]. Medical
and monitoring devices remained in the room to reflect clinical conditions, and post-cycle
evaluations confirmed no abnormalities [14,23].

2.6. Microbiological Recovery and Outcome Measures

Following HPV exposure, the entire inoculated area (approximately 25 cm? per test
site) was sampled using polyester-tipped flocked swabs (RegenBio Co., Ltd., Gimpo, Re-
public of Korea) moistened with sterile distilled water. The same predefined sampling
area was used for all experimental sites to ensure methodological consistency across ex-
periments. Samples were immersed in peroxide-quenching Tryptic Soy Broth (TSB-BP16;
Mesa Laboratories, USA) and incubated at 55-60 °C for 48 h, with extended incubation to
7 days in accordance with ISO 11138 to detect sublethally injured spores [26]. Complete
inactivation was defined as no detectable CFUs. Because the detection limit was 1 CFU
per site, complete inactivation corresponded to >7-logio reduction.

Two control groups were included: a negative control (uncovered TSB exposed to
air) and a positive control (TSB inoculated with the spore suspension only). All procedures
were performed by three researchers under the supervision of an infection control expert
with over 15 years of experience.

The primary outcome was the number of G. stearothermophilus recovered after HPV
exposure. Secondary outcomes included hydrogen peroxide vapor distribution and aera-
tion characteristics. Vapor uniformity was assessed using co-located chemical indicators
and serial concentration measurements at multiple locations (Figure 1). Hydrogen perox-
ide clearance to safe levels was determined by serial monitoring during aeration.

2.7. Statistical Analysis

Hydrogen peroxide concentration data were summarized descriptively using mean
values, standard deviations, and 95% confidence intervals. Because concentration meas-
urements represented repeated spatial observations obtained within the same experi-
mental cycle, formal inferential statistical comparisons between experimental conditions
were not performed. Biodecontamination rates were reported descriptively due to near-
complete inactivation precluding inferential statistical analysis (p < 0.05).

2.8. Requlatory Context

This study was designed as a controlled comparative performance evaluation rather
than as a regulatory conformity or certification study. Therefore, it was not conducted in
accordance with formal room disinfection certification standards such as EN 17272 [27] or
AFNOR T72-281 [28], which specify requirements for type-testing of airborne room disin-
fection systems. Biological indicator samples were collected only after aeration when re-
sidual hydrogen peroxide concentrations had decreased to undetectable levels (<1 ppm)
and were recovered using manufacturer-recommended peroxide-quenching broth (TSB-
BP16; Mesa Laboratories).

3. Results
3.1. Characteristics of HPV Smart Robot (Hydrogen Peroxide Vaporization Smart Robot System)

The HPV Smart Robot successfully completed all programmed disinfection cycles,
including autonomous navigation, vapor circulation, environmental monitoring, and aer-
ation control. Real-time monitoring confirmed attainment of the target hydrogen peroxide
concentration during all robotic experiments.

https://doi.org/10.3390/app16147035
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3.2. Comparing the Biodecontamination Effectiveness of a Traditional HPV Disinfection System
Versus HPV Disinfection with a Disinfection Robot

The conventional HPV cycle employed a 120-min injection phase and a 120-min aer-
ation phase, whereas the robotic HPV cycles utilized shortened injection phases (90-100
min) and a fixed 96-min aeration phase under different navigation modes and fan-angle
configurations (Table 1). Biodecontamination efficacy comparisons were based on the 20
environmental inoculation sites distributed throughout the enclosure. Four additional in-
oculation sites located within the robotic platform were evaluated separately to assess hy-
drogen peroxide vapor penetration into enclosed robot-internal structures.

All 20 environmental inoculation sites were successfully biodecontaminated in every
experiment, including the conventional HPV cycle and all robotic HPV cycles. However,
a positive biological indicator was detected at a robot-internal fan—corner junction location
during the third and fourth robotic experiments (Figure 2 and Table 2), resulting in bio-
decontamination rates of 95-100% when robot-internal sites were included in the analysis.
All environmental biological indicators demonstrated complete inactivation of Geobacillus
stearothermophilus spores, corresponding to a 27 logio reduction from the initial inoculum
(107 CFU). Because complete kill was observed, quantitative CFU enumeration was not
possible. As expected, microbial growth was observed in the positive controls, whereas
no growth was detected in the negative controls, confirming the validity of the culture
conditions and microbiological recovery procedures.

In addition to microbiological performance, operational time metrics were compared
between the conventional HPV system and the HPV Smart Robot (Table S1). The conven-
tional system required approximately 15 min for setup, followed by a 120 min injection
phase, a 30 min dwell phase, and a 120 min aeration phase, resulting in a total cycle time
of approximately 285 min. In contrast, the robotic system required approximately 5 min
for setup and employed injection phases of 90-100 min, a fixed 30 min dwell phase, and a
96 min aeration phase, resulting in total cycle times of 221-231 min depending on the op-
erating configuration. These findings indicate that the robotic system substantially re-
duced setup time and overall cycle duration while maintaining high biodecontamination
efficacy at all environmental sampling locations.

Table 2. Evaluation of biodecontamination effectiveness using biological indicator (BI) testing based
on Geobacillus stearothermophilus spore growth after incubation and environmental culture sampling

based on post-disinfection surface swab cultures.

No. Specimen Types First Experiment  Second Experiment Third Experiment Fourth Experiment
1 Medical cart (stainless steel) Nil Nil Nil Nil
’ Medical cart drawer (stainless Nil Nil Nil Nil

steel)
3 Medical tray (stainless steel) Nil Nil Nil Nil
4 Above cabinetry (MDF) Nil Nil Nil Nil
5 In a cabinet drawer (plastic) Nil Nil Nil Nil
6 Bed sheet (cotton fabric) Nil Nil Nil Nil
7 On a medical bed mattress Nil Nil Nil Nil
(leatherette)
3 Sphygmomanometer cuff Nil Nil Nil Nil
(polyurethane)
9 Acrylic Nil Nil Nil Nil
10 Patient momtt(i)z)handle (plas- Nil Nil Nil Nil
11 Medical cart (plastic) Nil Nil Nil Nil
12 Chair (cotton fabric) Nil Nil Nil Nil
13 Curtain (polyester) Nil Nil Nil Nil
14 Surgical lighting supporter Nil Nil Nil Nil

bottom (metal)
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15 Medical cart bottom (stainless Nil Nil Nil Nil
steel)
16 Operating 'table mattress top Nil Nil Nil Nil
(arm section) (leatherette)
17 Operatmg. table mattress top Nil Nil Nil Nil
(leg section) (leatherette)
18 Medical under-bed support Nil Nil Nil Nil
(metal)
Medical bed height adjusta- . . . .
19 ble footrest (rubber) Nil Nil Nil Nil
20 Chair handle (plastic) Nil Nil Nil Nil
HPV Smart Robot top . . .
21 - Nil Nil 1
(main body, behind FAN) ! ! Ni
HPV Smart Robot top . . .
22 - Nil Nil 1
(main body, in front of FAN) ! ! Ni
23 Inside the HPV Smart Robot - Nil Positive Positive
(corner, FAN junction)
HPV Smart Robot circulation
24 - Nil Nil Nil
FAN (plastic) ' ' '
Positive count/Total count 0/20 0/24 1/24 1/24
Biodecontamination rate (%) 100% 100% 95% 95%

Note: Nil = No bacteria detected; Positive = Bacteria detected. HPV, hydrogen peroxide vaporiza-
tion; MDF, medium-density fiberboard. Bl results were determined by growth/no-growth following
incubation of Geobacillus stearothermophilus biological indicators. Environmental culture results were
obtained from post-disinfection surface swab sampling and subsequent microbiological culture.

Positive controls showed growth after incubation, whereas negative controls remained sterile.

3.3. Distribution and Maximum Concentration of Hydrogen Peroxide During HPV

In all robotic experiments, the target hydrogen peroxide concentration threshold
(2140 ppm) was achieved before completion of the programmed injection phase, support-
ing the feasibility of shortened robotic operating cycles. Peak hydrogen peroxide concen-
trations were 170 ppm in the conventional HPV cycle and 211, 204, and 224 ppm in the
second, third, and fourth robotic experiments, respectively. All experimental conditions-
maintained concentrations above the manufacturer-recommended target threshold for ef-
fective HPV biodecontamination.

To evaluate vapor distribution, we assessed concentration variability across meas-
urement locations. The conventional HPV system demonstrated relatively uniform distri-
bution, with a 29-ppm difference between the highest and lowest measured concentra-
tions. In contrast, the robotic experiments showed larger concentration gradients of 67, 78,
and 101 ppm in the second, third, and fourth experiments, respectively. Consistent with
these observations, the calculated coefficient of variation (CV) proxy increased from 18.6%
in the conventional cycle to 37.7%, 47.3%, and 58.2% in the robotic experiments, indicating
greater spatial variability in hydrogen peroxide distribution despite maintenance of con-
centrations above the effective threshold.

Chemical indicator results demonstrated a different distribution pattern. In the con-
ventional HPV cycle, incomplete chemical indicator color change was observed at the fu-
migator location (site 7) and the stainless-steel drawer (site 21), both representing rela-
tively sheltered locations within the enclosure. In contrast, all chemical indicators changed
appropriately in the second and third robotic experiments. During the fourth experiment,
incomplete indicator responses were observed at the inner corners (sites 3—4), the fumiga-
tor location (site 7), and locations between the door and air conditioner (sites 8-12) (Figure
3).
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Figure 3. Hydrogen peroxide distribution concentration change and humidity change. (a) Change

in hydrogen peroxide distribution concentration; (b) humidity changes in the clinical trial enclosure.

To further characterize concentration stability, mean hydrogen peroxide concentra-
tions, standard deviations (SD), and 95% confidence intervals were calculated from plat-
eau-phase measurements after attainment of the target concentration (Table 52). Mean
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concentrations ranged from 155.5 to 177.5 ppm across all experimental conditions, exceed-
ing the target threshold in every cycle. Variability was lowest in the conventional HPV
cycle (SD 7.64 ppm) and higher in the robotic experiments (SD 10.05-24.64 ppm). Because
these measurements represented repeated spatial observations within individual experi-
mental cycles rather than independent samples, the results are presented descriptively
rather than as formal statistical comparisons. Although spatial variability was greater in
the robotic experiments, all systems achieved high biodecontamination efficacy (95-
100%), with hydrogen peroxide concentrations remaining within ranges considered effec-
tive for microbial inactivation.

3.4. Changes in Hydrogen Peroxide Concentration and Humidity in the Enclosure

During the aeration phase following the HPV process, a transient increase in hydro-
gen peroxide concentration was observed due to the difference in vapour pressures be-
tween water and hydrogen peroxide. The residual vapour was subsequently decomposed
and removed through the scrubber system. The aeration efficiency of hydrogen peroxide
was similar across the four experiments, and at the end of all experiments, hydrogen per-
oxide was degraded to undetectable levels. However, there was a slight difference in aer-
ation time: the standard HPV method required 120 min for complete scrubbing, whereas
the vaporization biodecontamination robot achieved it within an average of 96 min.

After aeration ended, the highest humidity in the enclosure was 61.6% vs. an average
of 75.3%. However, there may be some bias because the base humidity was 42.9% at the
beginning of the experiment (the first experiment). In contrast, as the experiment pro-
gressed, the base humidity increased to 48.6%, 53.2%, and 48.5%, respectively (Figure 3).

4. Discussion

Biodecontamination is a critical component of infection prevention strategies aimed
at reducing healthcare-associated infections (HAIs). Although hydrogen peroxide vapor
(HPV) is an established high-level disinfection modality, conventional workflows remain
labor-intensive and time-consuming, underscoring the need for more efficient and stand-
ardized approaches [29]. In recent years, robotic disinfection systems have gained increas-
ing attention as adjuncts to manual cleaning, particularly UV-based platforms that have
demonstrated significant reductions in environmental microbial contamination [19,30,31].
However, real-world evaluations have revealed persistent limitations, including shadow-
ing effects and reduced efficacy in complex hospital layouts [32]. Other robotic disinfec-
tion approaches have also incorporated chemical spray systems, such as chlorine dioxide,
and cost-effective UVC-based platforms [33,34].

Against this background, the present study was designed to conduct a preliminary
comparative performance evaluation of the HPV Smart Robot system relative to a con-
ventional HPV disinfection system under controlled environmental conditions. The ro-
botic HPV system achieved complete biodecontamination at all 20 environmental sam-
pling locations and demonstrated overall biodecontamination rates of 95-100% when ro-
bot-internal sites were included in the analysis. Compared with UV-based robotic sys-
tems, which are constrained by line-of-sight dependence and lower sporicidal activity,
hydrogen peroxide-based technologies provide superior penetration into shadowed areas
and greater activity against resistant spores, supporting HPV as a robust modality for ro-
botic automation.

Beyond microbiological performance, the HPV Smart Robot provided important op-
erational advantages. The robotic platform integrates autonomous navigation, adjustable
fan-angle configurations, and real-time environmental monitoring, reducing the need for
manual equipment placement and room preparation. Setup time was reduced from ap-
proximately 15 min to 5 min, and total cycle duration was shortened by 54-64 min com-
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pared with the conventional workflow. These findings suggest the potential for improved
staff efficiency and room turnover while reducing occupational exposure risks associated
with environmental disinfection procedures. However, formal cost-benefit and quantita-
tive labor-saving analyses were not performed and warrant future investigation.

A positive biological indicator was detected at a recessed fan—corner junction within
the robotic platform, likely reflecting localized airflow limitation and reduced vapor pen-
etration into an enclosed internal structure. Although complete biodecontamination was
achieved at all environmental sampling locations, residual contamination within a robot-
internal component could theoretically serve as a contamination-retention site if similar
conditions occur during repeated clinical use. These findings highlight the importance of
airflow optimization, fan-angle configuration, and navigation-path refinement when de-
veloping robotic HPV systems. Future robotic platforms should incorporate design fea-
tures that facilitate vapor penetration into recessed internal structures and allow routine
inspection, cleaning, and maintenance of enclosed components.

The apparent discrepancy between biological indicators and environmental culture
results warrants consideration. Biological indicators containing highly resistant Geobacil-
lus stearothermophilus spores are widely regarded as the reference standard for validating
sporicidal efficacy and demonstrated complete inactivation under nearly all tested condi-
tions. In contrast, environmental culture sampling reflects microbial recovery from spe-
cific locations and may be influenced by local airflow patterns, surface geometry, and va-
por penetration characteristics. Therefore, the isolated positive biological indicator ob-
served at the fan—corner junction most likely represents localized residual contamination
within a difficult-to-reach microenvironment rather than failure of the overall HPV bio-
decontamination process. Together, these findings highlight the complementary roles of
biological indicators and environmental culture methods in assessing both global spor-
icidal performance and site-specific decontamination effectiveness.

Hydrogen peroxide concentration measurements demonstrated greater spatial vari-
ability during robotic operation than during conventional HPV disinfection. This concen-
tration gradient is likely attributable to the strong airflow generated by the robotic circu-
lation fan, as the system was designed to prioritize broad environmental coverage rather
than strict concentration uniformity. Despite this variability, all measured concentrations
remained above the manufacturer-recommended target threshold (=140 ppm), and high
biodecontamination efficacy was maintained across environmental sampling locations.
Additional optimization of airflow strength, fan-angle configuration, and navigation
pathways may further improve concentration uniformity while preserving effective mi-
crobial inactivation.

From an infection prevention and control (IPC) perspective, safety remains a critical
consideration for HPV deployment. Residual hydrogen peroxide concentrations were
continuously monitored during aeration, and all experimental cycles achieved safe re-en-
try levels (<1 ppm) before room access, consistent with international occupational safety
recommendations. Furthermore, all experiments were performed in unoccupied environ-
ments, and no visible surface damage or equipment impairment was observed following
repeated HPV exposure.

Limitations

This study has several limitations. First, all experiments were conducted in a con-
trolled simulation enclosure rather than in active hospital wards, which may not fully
reflect real-world clinical environments, including complex room geometries, ventilation
patterns, workflow integration, and cluttered room layouts commonly encountered in
healthcare settings.
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Second, only one conventional HPV cycle and three robotic HPV cycles were evalu-
ated, with differences in navigation mode, fan-angle configuration, and baseline environ-
mental conditions, including relative humidity. Because relative humidity can influence
hydrogen peroxide vapor distribution, condensation behavior, microbial inactivation ef-
ficiency, and aeration dynamics, the observed differences in vapor concentration profiles
and operational times may have been affected by both system characteristics and environ-
mental variability. Therefore, the present findings should be interpreted as exploratory
comparative performance data rather than results from a fully replicated comparative
trial, and direct attribution of observed differences solely to system type should be made
with caution.

Third, standardized Geobacillus stearothermophilus biological indicators were used as
the primary microbiological challenge. Although these indicators represent a conservative
and widely accepted method for validating sporicidal efficacy, they do not permit quan-
titative assessment of logio reductions or direct extrapolation to clinical surface contami-
nation scenarios. Furthermore, biological indicator outcomes were assessed qualitatively
as growth or no growth after incubation, and quantitative CFU enumeration was not per-
formed. Therefore, the residual microbial burden at the positive robot-internal location
could not be quantified.

Fourth, limitations attributed to conventional HPV systems are specific to the tested
Huons platform and may not be generalizable to other HPV or VHP systems employing
different vaporization, distribution, or aeration technologies.

Finally, formal cost-benefit analyses and quantitative assessments of labor savings
were not performed. In addition, because this study was not conducted as a formal con-
formity assessment according to EN 17272 [27], the findings should be interpreted as com-
parative performance data rather than certification-level validation.

5. Conclusions

In conclusion, the HPV Smart Robot demonstrated high microbiological efficacy and
operational feasibility under the experimental conditions evaluated in this study. Future
multi-center longitudinal studies incorporating economic modeling, time-motion anal-
yses, and long-term clinical outcome assessments are warranted, along with investiga-
tions into hybrid technologies combining hydrogen peroxide vapor and UV light and
evaluations of user acceptance and training needs to facilitate safe, cost-effective, and sus-
tainable integration into routine clinical workflows.
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https://www.mdpi.com/article/10.3390/app16147035/s1, Table S1: Operational time metrics for con-

ventional and robotic HPV methods, Table S2: Hydrogen peroxide concentration variability metrics.

Author Contributions: Conceptualization, ].W.P.; Investigation, SSH.H.,J.-E.Y,, SJ.C., Y.-W.K,, M.K.
and S.B.Y.; Writing—Original Draft, S.H.H. and J.-E.Y.; Writing—Review & Editing, 5.J.C., Y.-W.K,,
MK, S.B.Y. and ].W.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a Government-wide R & D Fund for Infectious Diseases
Research (HG22C004600). Moreover, Soonchunhyang University (2025) provided financial support
for the writing of the paper. The funder had no role in relation to the study design, collection, anal-

ysis and interpretation of data, writing of the report and decision to submit the article for publication.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Review Board of Soonchunhyang University
Cheonan Hospital (IRB No. 2023-05-041-007).

Informed Consent Statement: Not applicable.

https://doi.org/10.3390/app16147035



Appl. Sci. 2026, 16, 7035 14 of 16

Data Availability Statement: The data that support the findings of this study are available from the

corresponding author upon reasonable request.

Acknowledgments: We would like to take this opportunity to express our sincere gratitude to the

joint research team from DGIST and Huons for conducting the research with us.

Conflicts of Interest: The HPV Smart Robot was developed for research purposes only, without any

commercial or financial interests. The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BI Biological Indicator

CFU Colony-forming unit

HAIs Healthcare-associated Infections
HPV Hydrogen Peroxide Vaporization
IPC Infection Prevention and Control
TSB Tryptic Soy Broth

uv Ultraviolet

References

1.

10.

11.

12.

Greer, S.L.; de Ruijter, A.; Brooks, E. The COVID-19 pandemic: Failing forward in public health. In The Palgrave Handbook of EU
Crises; Palgrave Macmillan: Cham, Switzerland, 2021; pp. 747-764.

Haldane, V.; De Foo, C.; Abdalla, S.M.; Jung, A.-S,; Tan, M.; Wu, S.; Chua, A.; Verma, M.; Shrestha, P.; Singh, S.; et al. Health
systems resilience in managing the COVID-19 pandemic: Lessons from 28 countries. Nat. Med. 2021, 27, 964-980.
https://doi.org/10.1038/s41591-021-01381-y.

World Health Organization. Environmental Cleaning and Infection Prevention and Control in Health Care Facilities in Low- and Middle-
Income Countries: Modules and Resources; World Health Organization: Geneva, Switzerland, 2023.

Ilesanmi, O.S.; Afolabi, A.A.; Akande, A.; Raji, T.; Mohammed, A. Infection prevention and control during COVID-19 pandemic:
Realities from health care workers in a north central state in Nigeria. Epidemiol. Infect. 2021, 149, el5.
https://doi.org/10.1017/50950268821000017.

Cheong, H.S.; Kwon, K.T.; Hwang, S.; Kim, S.-W.; Chang, H.-H.; Park, S.Y.; Kim, B.; Lee, S.; Park, J.; Heo, S.T.; et al. Workload
of healthcare workers during the COVID-19 outbreak in Korea: A nationwide survey. J. Korean Med. Sci. 2022, 37, e49.
https://doi.org/10.3346/jkms.2022.37.e49.

Sharma, R.P.; Pohekar, S.B.; Ankar, R.S. Role of a nurse in COVID-19 pandemic. J. Evol. Med. Dent. Sci. 2020, 9, 2550-2555.
https://doi.org/10.14260/jemds/2020/554.

Wong, E.L.-Y.; Ho, K.-F.; Dong, D.; Cheung, A.W.-L.; Yau, P.S.-Y.; Chan, E.Y.-Y.; Yeoh, E.-K,; Chien, W.-T.; Chen, F.Y.; Poon, S.;
et al. Compliance with standard precautions and its relationship with views on infection control and prevention policy among
healthcare workers during COVID-19 pandemic. Int. ]. Environ. Res. Public Health 2021, 18, 3420.
https://doi.org/10.3390/ijerph18073420.

Lee, J.-Y; Lee, J.-Y.; Lee, S.H.; Kim, J.; Park, H.Y.; Kim, Y.; Kwon, K.T. The experiences of health care workers during the COVID-
19 pandemic in Korea: A qualitative study. . Korean Med. Sci. 2021, 36, e170. https://doi.org/10.3346/jkms.2021.36.e170.

Totaro, M.; Casini, B.; Profeti, S.; Tuvo, B.; Privitera, G.; Baggiani, A. Role of hydrogen peroxide vapor (HPV) for the disinfection
of hospital surfaces contaminated by multiresistant bacteria. Pathogens 2020, 9, 408. https://doi.org/10.3390/pathogens9050408.
Xiao, S.; Yuan, Z,; Huang, Y. Disinfectants against SARS-CoV-2: A review. Viruses 2022, 14, 1721.
https://doi.org/10.3390/v14081721.

Choi, H.; Chatterjee, P.; Lichtfouse, E.; Martel, ].A.; Hwang, M.; Jinadatha, C.; Sharma, V.K. Classical and alternative disinfection
strategies to control the COVID-19 virus in healthcare facilities: A review. Environ. Chem. Lett. 2021, 19, 1945-1951.
https://doi.org/10.1007/s10311-021-01180-4.

Triggiano, F.; Caggiano, G.; Lopuzzo, M.; Diella, G.; Apollonio, F.; Fasano, F.; Montagna, M.T. No-touch automated disinfection
system based on hydrogen peroxide and ethyl alcohol aerosols for use in healthcare environments. Int. |. Environ. Res. Public
Health 2022, 19, 4868. https://doi.org/10.3390/ijerph19084868.

https://doi.org/10.3390/app16147035



Appl. Sci. 2026, 16, 7035 15 of 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

Havill, N.L.; Moore, B.A.; Boyce, ].M. Comparison of the microbiological efficacy of hydrogen peroxide vapor and ultraviolet
light processes for room decontamination. Infect. Control Hosp. Epidemiol. 2012, 33, 507-512. https://doi.org/10.1086/665326.
Boyce, ].M. Modern technologies for improving cleaning and disinfection of environmental surfaces in hospitals. Antimicrob.
Resist. Infect. Control 2016, 5, 10. https://doi.org/10.1186/s13756-016-0111-x.

Kiimin, D.; Albert, M.G.; Weber, B.; Summermatter, K. The hitchhiker’s guide to hydrogen peroxide fumigation, part 1: Intro-
duction to hydrogen peroxide fumigation. Appl. Biosaf. 2020, 25, 214-224. https://doi.org/10.1177/1535676020921007.

Gagnon, H.; Pokhrel, A.; Bush, K; Cordoviz, M.; Ewashko, T.; Galetta, F.; Leal, ]. Limited reduction in Clostridioides difficile and
methicillin-resistant Staphylococcus aureus with the use of an aerosolized hydrogen peroxide disinfection system. Am. . Infect.
Control 2024, 52, 410-418. https://doi.org/10.1016/j.ajic.2023.09.019.

Patel, P.; Baalisampang, T.; Arzaghi, E.; Garaniya, V.; Abbassi, R.; Salehi, F. Computational analysis of the hydrogen dispersion
in semi-confined spaces. Process Saf. Environ. Prot. 2023, 176, 475-488. https://doi.org/10.1016/j.psep.2023.06.019.

Han, J.H.; Sullivan, N.; Leas, B.F.; Pegues, D.A.; Kaczmarek, J.L.; Umscheid, C.A. Cleaning hospital room surfaces to prevent
health care-associated infections: A technical brief. Ann. Intern. Med. 2015, 163, 598—607. https://doi.org/10.7326/M15-1192.
Diab-El Schahawi, M.; Zingg, W.; Vos, M.; Humphreys, H.; Lopez-Cerero, L.; Fueszl, A.; Zahar, J.R.; Presterl, E. Ultraviolet
disinfection robots to improve hospital cleaning: Real promise or just a gimmick? Antimicrob. Resist. Infect. Control 2021, 10, 33.
https://doi.org/10.1186/s13756-020-00878-4.

Weber, D.J.; Rutala, W.A.; Anderson, D.J.; Sickbert-Bennett, E.E. ..iNo touch..N methods for health care room disinfection:
Focus on clinical trials. Am. J. Infect. Control 2023, 51, A134-A143. https://doi.org/10.1016/j.ajic.2023.04.003.

Park, ].-W.; Han, S.H.; Yu, J.-E. Advancing Sterilization Practices: The Impact of a Newly Developed Hydrogen Peroxide Va-
porization Robot System Compared to Traditional Methods. Open Forum Infect. Dis. 2026, 13, ofaf695.1251.
https://doi.org/10.1093/ofid/ofaf695.1251.

Doll, M.; Morgan, D.J.; Anderson, D.; Bearman, G. Touchless technologies for decontamination in the hospital: A review of
hydrogen peroxide and UV devices. Curr. Infect. Dis. Rep. 2015, 17, 44. https://doi.org/10.1007/s11908-015-0498-1.

Bioquell. Guide to Hydrogen Peroxide Vapour Decontamination; Bioquell UK Ltd.: Andover, UK, 2020.

ISO 11140-1:2014; Sterilization of Health Care Products —Chemical Indicators —Part 1: General Requirements. International Or-
ganization for Standardization: Geneva, Switzerland, 2014.

U.S. Environmental Protection Agency. Compatibility of Material and Electronic Equipment with Hydrogen Peroxide and Chlorine
Dioxide Fumigation; EPA/600/R-10/169; U.S. Environmental Protection Agency: Washington, DC, USA, 2010.

ISO 11138-1:2017; Sterilization of Health Care Products—Biological Indicators—Part 1: General Requirements. International
Organization for Standardization: Geneva, Switzerland, 2017.

EN 17272:2020; Chemical Disinfectants and Antiseptics—Methods of Airborne Room Disinfection by Automated Process—De-
termination of Bactericidal, Mycobactericidal, Sporicidal, Fungicidal, Yeasticidal, Virucidal and Phagocidal Activities. European
Committee for Standardization (CEN): Brussels, Belgium, 2020.

NF T72-281:2014; Methods of Airborne Disinfection of Surfaces—Determination of Bactericidal, Fungicidal, Yeasticidal, Myco-
bactericidal, Tuberculocidal, Sporicidal and Virucidal Activity, Including Bacteriophages. Association Frangaise de Normalisa-
tion (AFNOR): La Plaine Saint-Denis, France, 2014..

Alomari, KM.; Alfehaid, B.A.; Bakhadlag, W.F.; Alghamdi, A.A.; Alsahli, A.M.; Alzahrani, F.I.; Alzahrani, A.IL; Albalawi, F.M.;
Alzahrani, A.S.J.; Alghamdi, A.A.; et al. Effectiveness of infection prevention and control measures in healthcare settings: A
systematic review and meta-analysis. Preprints 2024, https://doi.org/10.20944/preprints202411.1293.v1.

Holland, J.; Kingston, L.; McCarthy, C.; Armstrong, E.; O’'Dwyer, P.; Merz, F.; McConnell, M. Service robots in the healthcare
sector. Robotics 2021, 10, 47. https://doi.org/10.3390/robotics10010047.

Mehta, I.; Hsueh, H.Y.; Taghipour, S.; Li, W.; Saeedi, S. UV disinfection robots: A review. Rob. Auton. Syst. 2023, 161, 104332.
https://doi.org/10.1016/j.robot.2022.104332.

Astrid, F.; Beata, Z.; Van den Nest, M.; Julia, E.; Elisabeth, P.; Magda, D.-E. The use of a UV-C disinfection robot in the routine
cleaning process: A field study in an academic hospital. Antimicrob. Resist. Infect. Control 2021, 10, 84.
https://doi.org/10.1186/513756-021-00945-4.

https://doi.org/10.3390/app16147035



Appl. Sci. 2026, 16, 7035 16 of 16

33. Zhao, Y.-L.; Huang, H.-P.; Chen, T.-L.; Chiang, P.-C.; Chen, Y.-H.; Yeh, J.-H.; Huang, C.-H.; Lin, J.-F.; Weng, W.-T. A smart
sterilization robot system with chlorine dioxide for spray disinfection. IEEE Sens. ]. 2021, 21, 22047-22057.
https://doi.org/10.1109/JSEN.2021.3101593.

34. Dhikle, M.; Dharne, V.; Gaikar, P.; Fakir, K. Cost-effective disinfection robot using UVC radiation. ITM Web Conf. 2021, 40, 02003.
https://doi.org/10.1051/itmconf/20214002003.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/app16147035



