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Abstract

Smart materials are ushering in the era of smart and adaptable products. Hydrogels are a distinct class of smart materials that
can be 3D-printed to produce smart and active structures that can be used as sensors and actuators. The development and
characterization of a 3D-printable and electrically conductive composite hydrogel, as well as its application in the develop-
ment of a smart disinfection system, are discussed in this article. The developed composite hydrogel has a maximum electrical
conductivity of 145 S.m™, is stable up to 200 °C, and has a 3D printable rheology. Virtuous of its electrical conductivity,
the composite hydrogel was used to create a smart disinfection system. Various disinfection systems have been adopted for
the disinfection of contaminated surfaces; however, most of these systems require human evacuation from the surroundings
due to the hazardous nature of the virucide. The proposed system is designed to disinfect contaminated surfaces on common-
use equipment and is capable of real-time activation through user interaction. It employs a thermal disinfection process at
60 °C for 5 min and becomes ready for the next user once its temperature drops below 55 °C. This system consumes 1.64
Wh of energy per disinfection cycle and is suitable for scenarios with fewer than 60 user interactions in an 8-h work shift.

Keywords Smart materials - 3D printing - Capacitive sensing - Thermal disinfection systems - Disinfection on-demand

1 Introduction

Smart materials are marshaling a transformative era for
various industries by enabling the creation of intelligent
and adaptable products that respond predictably to exter-
nal stimuli. These materials play a pivotal role in advancing
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technologies and engineering applications, notably in the
domain of smart sensors and actuators. They include shape
memory alloys, piezoelectric materials, thermochromic
materials, thermoelectric materials, and hydrogels [1, 2].

Hydrogels represent a distinct category of smart mate-
rials, characterized by their intricate three-dimensional
network structure with a remarkable capacity to retain sub-
stantial amounts of water or aqueous solutions. Hydrogels
are exceptionally versatile materials, boasting a wide array
of applications across diverse fields, owing to their unique
attributes. These applications span the domains of medicine,
drug delivery systems, tissue engineering, soft robotics, and
sensor technology [3].

In particular, the field of sensors has witnessed a signifi-
cant surge in interest regarding hydrogels. Researchers have
devised responsive hydrogel composites that incorporate
other materials, such as nanoparticles or conductive particles
[4, 5]. These composite materials can manifest alterations
in electrical conductivity or magnetic properties in response
to environmental factors, thus enabling the development of
a wide spectrum of sensor types. These encompass ion,
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biological, mechanical, and touch-detection sensors, among
others [1].

Hydrogels can be used in 3D printing in their hydrated
or paste state. The Direct Ink Writing (DIW) technique can
be used to 3D print with hydrogels opening new horizons
for the development of smart and active products. 3D print-
ing with hydrogels offers several advantages, including the
ability to create smart and active products using application-
specific geometries. The 3D-printed hydrogel dries after the
fabrication process, leaving behind a highly mesoporous
structure with a complex bulk geometry. These mesoporous
structures are well-suited for diverse sensing applications
[3,6,7].

Electrically conductive particles can be dispersed into
hydrogels to achieve electrical conduction. Electrically con-
ductive hydrogels can be used for various sensing applica-
tions such as humidity sensing and touch sensing [8]. Virtu-
ous to their electrical conductivity, these hydrogels can also
be used as heaters [6].

The recent emergence of the COVID-19 pandemic has
highlighted the necessity for the development of sensors
capable of detecting human interactions with their envi-
ronment. This is essential due to the virus’ potential to be
transmitted through direct human-to-human contact or indi-
rectly via contaminated surfaces. Research has shown that
the virus can remain viable for up to 5 days on surfaces made
of polymeric, metallic, and ceramic materials [9]. Further-
more, it is a common human tendency to frequently touch
their mouth, nose, and eyes involuntarily, which significantly
increases the risk of viral transmission to and from com-
mon-use objects [10]. Consequently, it is essential to iden-
tify instances of human-to-surface contact on common-use
objects and subsequently employ effective virucidal methods
for disinfection. These virucidal techniques include the use
of soapy water, exposure to virucidal chemicals, exposure
to ultraviolet radiation, and the application of heat [11, 12].

A pre-symptomatic carrier might enter the workplace
undetected, which may lead to the exposure of the workforce
to the virus. Furthermore, the use of common equipment
such as toolboxes, equipment closets, and control panels may
lead to indirect transmission of the virus. The manual dis-
infection of common-use equipment after every user inter-
action cannot be guaranteed due to their frequency of use.

Various touch detection sensors are reported in the litera-
ture such as photoelectric, ultrasonic, and capacitive sensors.
The capacitive sensing technique is widely implemented for
touch sensing in various applications such as keypads for
appliances and smartphones and can be employed for touch
detection on target surfaces [13, 14].

Various active disinfection systems have been reported
in the literature for SARS-CoV-2. Murthy proposed a sys-
tem for disinfecting luggage using ultraviolet light [15].
Mahida et al. developed Tru-D™, an ultraviolet-based active
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disinfection device targeted for killing microorganisms in a
confined space [16]. Yang et al. conducted an experimental
study to validate the effectiveness of an ultraviolet-based
Hyper Light Disinfection robot in eradicating different types
of pathogens [17]. UV-irradiation has proven to be an effec-
tive virucide and can be employed to disinfect the equip-
ment stored in closets. However, the hazardous nature of
UV radiation limits its use in the disinfection of equipment
during a work shift in the presence of personnel.

Thermal disinfection using heated chambers has also
been implemented for decades; however, it has not received
much attention in active disinfection systems targeted for
SARS-CoV-2. An example of thermal disinfection of N95
facemasks has been reported [18]. Thermal disinfection
works by the destruction of the protein capsid of the virus
that protects its genetic material. Lentivirus is an RNA virus
with a protein capsid similar to SARS-CoV-2 that is com-
monly used to imitate viral growth in lab environments. The
virus can be used to determine the thermal destruction tem-
perature of the protein capsid.

The common-use equipment can be retrofitted with
3D-printed disinfection heaters; however, the equipment
cannot be constantly kept at high temperatures since above
55 °C is hazardous for humans to touch [19]. Therefore,
a smart disinfection system is necessary to detect human
interactions with common-use equipment and then take dis-
infection measures. The equipment will be safe for human
interaction once its temperature drops below 55 °C. The han-
dles of the common-use equipment are the potentially con-
taminated surfaces that humans may interact with repeatedly.
Therefore, automatic disinfection systems can be applied to
the common-use equipment handles to attenuate the virus
spread.

3D-printed heating elements made from electrically con-
ductive hydrogels can serve the dual purpose of capacitive
sensing electrodes. However, the electrically conductive
hydrogel composites found in the literature have electrical
conductivities in the range of 10~*to 10' S.m~! [20, 21].
Therefore, these hydrogels cannot be employed to manu-
facture heaters due to their limited current carrying capac-
ity. Furthermore, the hydrogel must be able to sustain tem-
peratures as high as the operating temperature of the heater.
Nevertheless, the rheology of the hydrogel must be suitable
for the 3D-printing process. Therefore, a 3D-printable, ther-
mally stable, and electrically conductive hydrogel composite
must be developed for the application of 3D-printed heating
systems.

In this article, we propose a novel electrically conduc-
tive hydrogel composite and present its application in the
development of a novel smart touch detection and disinfec-
tion system that employs an additively manufactured heat-
ing element made from an electrically conductive hydrogel
that can function dually as a capacitive sensor. The thermal
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destruction temperature and exposure time for the protein
capsid of viruses were optimized and adopted for disinfec-
tion. The article reports the development of the system and
its characterization along with its application on the door
handles.

2 Development of electrically conductive
composite hydrogel

2.1 Synthesis of electrically conductive composite
hydrogel

The hydrogel matrix was synthesized by dissolving sodium
carboxymethyl cellulose 5% w/w in DI water. The solution
was stirred mechanically until the hydrogel was homoge-
nized. Next, graphite microparticles were added as reinforce-
ment to the hydrogel to produce an electrically conductive
composite hydrogel. Three distinct compositions 1:9 (1G9),
2:8 (2G8), and 3:7 (3G7), were produced based on the ratio
of the graphite particles to the hydrogel w/w.

2.2 Material characterization

The developed electrically conductive composite hydrogels
were characterized for their morphology, electrical conduc-
tivity, and thermal degradation.

2.2.1 Morphology

The morphology of the electrically conductive composite
hydrogel was studied under a scanning electron microscope.
The SEM micrographs show that the reinforcing graphite
particles have percolated and formed a porous structure
which is held together by the polymeric strands of the hydro-
gel. The graphite particles form a path for the flow of elec-
trons, and therefore, electrical conductivity is achieved in the
host hydrogel. The SEM micrographs are presented in Fig. 1.
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Fig.2 Thermal degradation of electrically conductive composite
hydrogels 1G9, 2G8, and 3G7

2.2.2 Thermal degradation

The thermal degradation of the electrically conductive com-
posite hydrogel was studied using thermogravimetric analy-
sis under the heating regime of 5 °C/min in a dry air environ-
ment. The thermal degradation of the composite hydrogels
is presented in Fig. 2.

The loss in mass below 100 °C is attributed to the evapo-
ration of moisture in the samples. There is no degradation
of the composite hydrogels between 100 and 200 °C; how-
ever, the samples rapidly degrade between 225 and 275 °C.
Therefore, it can be concluded that the developed composite
hydrogel is safe to use in applications up to 200 °C.

2.2.3 Rheology

The rheology of hydrogel plays an important role in its
3D printability. The hydrogel must not only be able to
flow through the fine nozzle of the 3D-printing tool head
but also have enough yield strength to bear the load of the

Fig. 1 SEM micrographs of electrically conductive composite hydrogels. a 1G9, b 2G8, and ¢ 3G7
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subsequent hydrogel layers. Rheology is characterized by
Herschel-Berkley’s model for non-Newtonian fluids pre-
sented in Eq. 1.

T =15+ Ky" (1)

where 7 is the shear strength, 7, is the yield strength, K is the
consistency factor, 7 is the shear rate, and # is the dimension-
less flow index of the hydrogel.

The rheology of the developed hydrogel composites was
analyzed on the Malvern Kinexus pro rheometer using the
flat plate test geometry and the gap of 3 mm. The viscosity
and the shear stress versus the shear rate are presented in
Fig. 3.

The Herschel-Berkley parameters for the developed
hydrogel composites are tabulated in Table 1. The hydrogel
composites behave like a typical non-Newtonian fluid hav-
ing a high viscosity at rest whereas the viscosity drops as
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Fig.3 Viscosity and Shear stress versus the shear rate of electrically
conductive composite hydrogels 1G9, 2G8, and 3G7
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Table 1 Herschel-Berkley parameters for the developed hydrogel

Hydrogel 7o(Pa) K(Pa.s") n
1G9 191 590 0.27
2G8 273 690 0.6
3G7 350 900 0.24

the shear is applied. This reduction in the viscosity enables
the hydrogel to flow through the nozzle of the 3D printing
tool head. The viscosity rises back to the rest viscosity when
the hydrogel has been deposited. The yield strength of the
hydrogel enables it to bear the load of the subsequent lay-
ers. The rheological properties match well with the recom-
mended rheology for 3D printing in the literature [22].

2.2.4 Electrical conductivity

The electrical conductivity of the composite hydrogel was
characterized by the 2-probe method. The resistances of
the samples were recorded by a digital multimeter and the
resulting electrical conductivity (k) was calculated by using
Eq. 2.

k=22 2

The electrical conductivity of the composite hydrogel
increases with the increasing graphite loading. The maxi-
mum electrical conductivity achieved is~ 145 (S.m™"). The
electrical conductivity of all three composite hydrogels is
presented in Table 2.

The electrical conductivity achieved by the composite
hydrogel shall enable its application as a capacitive touch
sensor for the detection of human interactions. Furthermore,
the composite hydrogel can also be used to develop disinfec-
tion heaters.

3 Determination of the disinfection
temperature

The temperature-based insulation on a lentivirus system
with a protein capsid similar to SARS-CoV-2 is tested exper-
imentally to determine the thermal disinfection temperature.

Table 2 Electrical

. . Composite Electrical
conduct}vmes of el.ectrlcally hydrogel conductivity
conductive composite hydrogels S.m™)
1G9, 2G8, and 3G7

1G9 113.4+3.2
2G8 127.7+2.4
3G7 1453+2.2
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Green fluorescent protein (GFP) lentiviruses were synthe-
sized to visualize virus infection.

3.1 Virus production

HEK293T cells with low passage number (< 10-15) were
seeded into a 10-cm plate to have a 70-80% confluent plate
the next day (in D-10 medium, incubated overnight at 37-5%
CO, incubator). Ten micrograms of the GFP plasmid and
pLenti CMV virus plasmids (9 pug pCMV-dR8.2 dvpr and
1 ug pCMV-VSVG) were mixed with transfection reagent
(PEID) and incubated at room temperature for 10 min. A 5-ml
medium of HEK293T cells was discarded, and the trans-
fection mix was added to the cells drop-wise, swirled, and
incubated overnight. On day 3, 3 ml fresh D10 medium was
added to each plate without disturbing the transfected cells
and incubated overnight. On day 4 (48 h after transfection)
medium was replaced with 8-ml fresh D10 medium, and the
plate was incubated for 24 h. On day 5 (72 h after transfec-
tion), 8-ml medium containing lentiviral particles were har-
vested into 50-ml falcon and stored at 4 °C (till the next har-
vesting), and 8-ml fresh D10 medium was added to the plate
and incubated for 24 h. On day 6, an 8-ml medium containing
lentiviral particles was harvested into the previously harvested
8-ml medium. All the harvested media (total 16 ml) was fil-
tered using a 0.45-pm filter. Lentiviral particles were stored
at— 80 °C until the viral infection procedure was conducted.

3.2 Viral Infection

U20S cells (passage numbers 12—-15) were seeded into three
six-well plates to have a 70-80% confluent plate the next
day. On day 2, virus-containing solutions were incubated
at 60, 65, or 75 °C for 1, 2, 3, 4, or 5 min and then mixed
with the mixture of 250 ul DMEM and 1 pl protamine sul-
fate (8 ug/ul). After removing the media from the cells, this
mixture was added to U20S cells. As a positive control of
the virus infection, the virus-containing solution was incu-
bated at room temperature and then mixed with the mixture
of 250 ul DMEM and 1 ul protamine sulfate (8 pg/ul). As a
negative control, the previous media was replaced only with
1 ml of DMEM. The cells were incubated at 37 °C, 5% CO,
overnight. On day 3, viral media was removed, and 1.5 ml
fresh medium was added to each well.

3.3 Determination of thermal disinfection
temperature

Twenty-four hours after the viral infection, the media was
removed from the plates, and each well was analyzed using
a fluorescent microscope under a widefield and EGFP filter.
The fluorescent micrographs illustrating the effect of temper-
ature and time on the infectivity of the virus are presented in
Fig. 4. The number of cells under widefield and EGFP filter
was counted, and the transfection efficiency was calculated
according to Eq. 3.

Transfection efficiency in % = 100 X (# of cells with GFP signal / # of total cells) 3)

The viruses were exposed to heat for different durations
(1-5 min) and at various degrees (60, 65, 75 °C) to deter-
mine the effect of heat on viral integrity. As a positive con-
trol of microscope images, some U20S cells were trans-
duced with a set of viruses that were not exposed to heat, and
as a negative control, some U20S cells were not transduced
with viruses at all. The efficiency of virus infectivity differed
depending on the duration and degree of the temperature
applied to viruses. The microscope images in Fig. 4 show
that virus infectivity decreases as the temperature and expo-
sure time increase. The viral viability dropped nearly to zero
with heat application of 5 min at 60 °C, 5 min at 65 °C, and
3 min at 75 °C. The number of cells with a GFP signal was
normalized according to the positive control and evaluated
as 100% in fluorescent microscope images. The percentage
of virus viability versus different exposure temperatures and
times is presented in Fig. 5.

It can be concluded that viruses can be inactivated after
5 min of exposure at 60 °C and 65 °C. However, the dis-
infection time can be reduced to 3 min by increasing the

temperature to 75 °C. Therefore, an automatic disinfection
system may be developed as a countermeasure to the spread
of viruses; the system will heat a potentially contaminated
surface to 60-75 °C after it has been touched by a user.

4 Development of an automatic touch
detection and disinfection system

The automatic touch detection and disinfection system are
implemented on a closet door handle that comprises an
additively manufactured electrode that operates in dual
mode. In touch detection mode, the electrode is used to
detect the touch of a human body on its surface, whereas,
in the disinfection mode, the same electrode is used as a
heating system. The switching between the touch detec-
tion mode and the disinfection mode is achieved through
a control circuit. Visual feedback is provided through an
LCD that indicates the unsafe/safe-to-touch status of the
door handle.
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Fig.4 Fluorescent microscope
visuals illustrating the effect
of temperature and time on the
infectivity of the virus
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4.1 Additive manufacturing of the door handle

The fused filament fabrication (FFF) technique and the direct
ink writing (DIW) technique were used to develop a multi-
material additive manufacturing setup. The FFF and the DIW
heads were mounted together on the end effector of the Mit-
subishi Electric robotic manipulator. The FFF head enables the
deposition of polylactic acid (PLA) using a 0.3-mm nozzle,

Fig.5 The bar graph illustrating
the percentage of virus viability
versus different exposure tem-
peratures and times
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while the DIW head enables the deposition of electrically con-
ductive composite hydrogel using a 0.4-mm nozzle. The 3G7
hydrogel was employed as it yielded the best electrical conduc-
tivity. The combination of the FFF and DIW heads enables the
selective deposition of electrically conducting and insulating
regions in a single build. Figure 6a illustrates the multi-mate-
rial additive manufacturing setup. The process parameters used
for additive manufacturing are presented in Table 3.
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Table 3 Parameters of the multi-material additive manufacturing pro-
cess

Parameter Value
FFF Nozzle diameter 0.3 mm
Layer height 0.2 mm
Extrusion width 0.3 mm
Linear speed 50 mm.s™!
Raster angle 45°
Infill pattern Rectilinear
Infill density 25%
Number of shells 2
Material PLA
Nozzle temperature 200 °C
DIW Nozzle diameter 0.4 mm
Layer height 0.2 mm
Extrusion width 0.6 mm
Linear speed 20 mm.s™~!
Raster angle 45°
Infill pattern Rectilinear
Infill density 100%
Number of shells 2
Material Hydrogel (3G7)
Air pressure 0.2 MPa

The door handle is additively manufactured using a multi-
material robotic additive manufacturing setup. The door han-
dle is designed to be mounted using two additively manu-
factured mounting brackets. The door handle dimensions
are kept in line with the anthropometric data for an adult
hand with a grip length of 100 mm and a cross-section of
40 mm X 30 mm [23]. The chassis and the mounting brackets
of the door handle are manufactured from polylactic acid
(PLA) using the FFF head, while the embedded capaci-
tive sensing electrode/disinfection heater is manufactured
from an electrically conductive polymer composite using
the DIW head. The door handle was coated with graphite-
loaded epoxy to ensure waterproofing before mounting it on
the closet door. The CAD model of the door handle along
with the rectilinear deposition pattern of the hydrogel is
illustrated in Fig. 6b, and the automatic disinfection system
mounted on a closet door is shown in Fig. 6c.

4.2 Touch detection mode

The touch detection system employed in this paper is
based on the principle of capacitive sensing. The capaci-
tive sensor is configured in a self-capacitance mode, where
an additively manufactured electrode is subjected to an
alternating voltage source. The electric charge is stored
on the surface of an electrode in the form of an electric
field and is known as the self-capacitance of the electrode.
Owing to the conductive nature of the human body and

Hydrogel (3G7)

-

Door handle

Mounting
bracket

3D printing pattern of
hydrogel

Fig.6 a The multi-material robotic 3D-printing setup, b the CAD
model of the door handle along with the rectilinear deposition pattern
of the hydrogel, and ¢ the automatic disinfection system mounted on
a closet door

dielectric properties, when the human body interacts with
the electrode’s electric field, the overall density of the
stored electric charge varies. The variation in the charge
density with respect to the interacting external body
brings a shift in the self-capacitance of the electrode. This
change in self-capacitance is used for touch detection. The
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electrode is attached in parallel with an inductor-capacitor
(LC) resonating circuit driven by a commercially avail-
able frequency-to-digital converter (FDC). The LC reso-
nator oscillates at a frequency of 40 MHz. The change in
the self-capacitance of the electrode, consequent to the
interacting human body, varies the frequency of the LC
resonator. Figure 7 illustrates the schematics of the self-
capacitance-based touch detection system.

The LC resonator is comprised of an inductor L; = 10uH
and a capacitor C; = 39pF, the variable capacitor C, indi-
cates a sum of the self-capacitance C, between the electrode
and the interacting human body, the parasitic capacitance
Cp of the circuit, the capacitance C, between the electrode
and the ground and the capacitance C, between the elec-
trode and the electrical connections. The variation in the
capacitances C,,,C,, and C are negligible as compared to
the self-capacitance C, therefore they are assumed to be
constant throughout the experiment. The self-capacitance
C, depends on various human factors such as the size,
thickness, and number of fingers in contact with the sensor.

The change in the self-capacitance of the electrode, conse-
quent to the interacting human body, varies the frequency of the
LC resonator. This change in the frequency is measured by the
FDC and is converted into equivalent capacitance using Eq. 4.

1
F=-— o)

2r+/L,C
where C is the equivalent capacitance of the whole system

and is denoted by a summation of C, and C,. as illustrated
in Eq. 5.

C=C +C, 5)

The resonance frequency of the system decreases when
it comes in contact with the human hand. Removing the
human hand from the capacitive circuit increases the reso-
nance frequency.

4.3 Disinfection mode

Electrical current is passed through the additively manu-
factured heating element in the disinfection mode. The

Fig.7 The schematic of the
self-capacitance-based touch
detection system

temperature of the heating element is controlled by a pro-
portional integral derivative (PID) controller that employs an
NTC 100 k thermistor for feedback. The heat (Q) generated
by the heating element is represented by Joule’s equation
presented in Eq. 6.

Q= VIt (6)

where V is the voltage applied to the heating element, [ is
the current drawn by the heating element, and ¢ is the heat-
ing duration. The voltage applied to the disinfection heater
is controlled by the PID controller, and the current drawn
is recorded by an ACS712 current sensor. The maximum
power consumed by the heater is 25 W. The heater was char-
acterized by its heating and cooling responses for the target
temperatures of 70 °C, 75 °C, and 80 °C. The heater is pas-
sively cooled by the ambient air. The heating and cooling
responses of the system were utilized to tune the propor-
tional, integral, and derivative gains of the PID controller.

4.4 Disinfection on-demand algorithm

An 8-bit microcontroller is used to integrate the touch detec-
tion mode, disinfection mode, and LCD status indicator.
The system starts in the touch detection mode and waits
for human interaction while the LCD indicates the “Safe to
touch” status. The disinfection module is triggered after the
end of a human interaction detected by the touch detection
module. The system is heated to the disinfection temperature
followed by an isothermal hold. The LCD indicates the “Do
not touch” status during the disinfection mode. The end of
the disinfection mode reverts the system to touch detection
mode, while the LCD indicates a “Do not touch” status till
the temperature of the system drops below 55 °C, which
makes the system safe to touch, and the LCD shows the
same. The flowchart of the disinfection on-demand algo-
rithm is illustrated in Fig. 8.

4.5 Characterization of the touch detection sensor
The response of the capacitive sensing module to human

touch is illustrated in Fig. 9 . The door handle is in contact
with the surrounding air initially, and there is no significant

FDC Ly
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Fig.8 Flowchart of the disinfection on-demand algorithm

change in the resonance frequency of the LC circuit. The
human interaction with the surface of the door handle
causes a sharp decrease in the resonance frequency due to
the higher dielectric of the human hand compared to that
of air. This sharp decrease is reflected by the negative peak

& 200
=3
3 100
C
2 |
g 0
: |1
© -100
C
e
O -200
0 50 100 150
Time [s]

Fig.9 The response of the capacitive touch detection sensor for pinch
grip (first pair of peaks), 2-finger claw grip (second pair of peaks),
3-finger claw grip (third pair of peaks), and 4-finger claw grip (fourth
pair of peaks)

in the change in frequency trend. The shift in frequency
remains insignificant during the engagement. The resonance
frequency increases when the human hand disengages the
door handle, which is recorded as an indication of the end of
human interaction. The subsequent peaks reflect the varia-
tions in the magnitude of the resonance frequency due to the
difference in the grip type. The variations in the magnitude
of change in frequency for various test subjects and grip
styles are tabulated in Table 4. A +40 kHz change in the
frequency is adopted as the threshold for detecting a touch.

4.6 Characterization of disinfection heater

The response of the disinfection heater for the disinfection
temperatures of 60 °C, 65 °C, and 75 °C is illustrated in
Fig. 10. The rise time, hold time, and cooldown time to
55 °C of the disinfection strategies are tabulated in Table 5.
The results indicate that the 60 °C strategy yields the low-
est cycle time out of the three routines. Therefore, 60 °C is
selected for the automatic disinfection system.

4.7 Disinfection on-demand

The integration of the sensing and disinfection module for
the 60 °C disinfection strategy is illustrated in Fig. 11. The
system remains safe to touch (high) and becomes unsafe to
touch (low) when the touch detection sensor detects human
interaction. The controller detects the end of human inter-
action and performs the prescribed heating for disinfection.
The system becomes safe to touch and waits for the next user
interaction after its temperature drops below 55 °C.

4.8 Efficacy of the system

The ability to trigger disinfection measures based on the
detection of human interactions enables the automatic
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Table 4 The changes in the

. Test subject
resonance frequency for various

Change in frequency (kHz)

2-finger claw grip 3-finger claw grip 4-finger claw grip

test subjects Pinch grip
1 +96
+62
3 +64

+140 +174 +198
+100 +118 +126
+98 +122 +151

(@]
o

Temperature [°C]
(@)
o

40 t
65°C
30 75°C
20 : : :
0 25 5 75 10

Time [minute]

Fig. 10 The evolution of the temperature of the door handle for
60 °C, 65 °C, and 75 °C disinfection strategies and their respective
exposure times

Table 5 The rise, hold, cooldown, and total cycle time of the 60 °C,
65 °C, and 75 °C disinfection strategies along with their respective
energy consumption

Disinfec- Rise time Hold Cooldown Total Energy
tion tem- (minute) time to 55 °C cycle consump-
perature (minute) time (min- time tion (Wh)
°O) ute) (minute)
60 2.6 5 0.3 7.9 1.64
65 2.8 5 1.2 9 1.73
75 3.2 3 2.8 9 1.69
Safe to
touch
User |
interaction
Heater
Time

Fig. 11 The digital response of the touch detection system for the
60 °C disinfection strategy
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disinfection system to attenuate the indirect spread of
SARS-CoV-2. The automatic disinfection system automati-
cally disinfected the door handles at the cost of roughly 1.64
Wh of energy to prepare the equipment for the next user
interaction. Automated disinfection significantly reduces the
load on the janitorial staff and does not need human evacu-
ation from the system. The total cycle time of the system is
approximately 8 min and is suited for applications where
the expected number of interactions in an 8-h work shift is
less than 60. The additive manufacturability of the system
enables the flexibility in design needed for the adaptation
of the system in various industrial applications such as the
handles of power tools, closet doors, refrigerator doors, and
the door of control panels.

5 Conclusion

In summary, the article presents the development and
characterization of a 3D-printable and electrically conduc-
tive composite hydrogel and its application for creating a
smart disinfection system for common-use equipment and
surfaces. The developed hydrogel yields an electrical con-
ductivity of 145 S.m™~!, is thermally stable up to 200 °C
and has a 3D printable rheology. The developed composite
was employed to create a smart disinfection system. The
system detects human interactions and takes disinfection
measures using a low-powered and additively manufac-
tured disinfection heater that serves the dual purpose of
a capacitive touch sensor providing feedback of human
interaction. The thermal disinfection temperature and
exposure time for viruses with a protein capsid similar to
SARS-CoV-2 were investigated and employed as operating
parameters of the system. The response of the capacitive
sensor was characterized for various types of grips, and
different disinfection strategies were tested. The disinfec-
tion strategy of 60 °C with a 5-min exposure time was
selected owing to its lower energy consumption of 1.64
Wh. The system becomes safe to touch when its tempera-
ture drops below 55 °C, and an LCD indicates the same.
The additive manufacturability of the system renders the
system adaptable in various industrial applications where
the expected user interactions are less than or equal to 60
interactions in an 8-h work shift.
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