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A major constraint in hospitals and clinics in the interior villages of low resource countries
is the access to stable power supply. Decontamination of reusable metal-based surgical
tools is an energy-intensive process, the power required for this procedure may not be
accessible in many health centres in low resource countries. Hence, decontamination
device with low-energy requirements could immensely benefit village clinical settings. The
developed sterilizer utilizes a Fresnel lens in a multi-baffle multi-pass chamber to amplify
radiation intensity. An intelligent scheme of air passage was achieved using Fuzzy logic
control to ensure control of pressure and temperature regime thermal transport within the
chamber. The Fuzzy logic controller program was designed on Matlab's fuzzy logic
toolbox and simulated with Simulink to evaluate its accuracy. The performance evaluation
of the device showed that at an ambient temperature of 27°C and a solar radiation intensity
of 1362 W/m?, the sterilizer was able to sterilize at a temperature of 169.69°C which is
within the range for efficient dry heat sterilization to take place (140°C-170°C). This work
has demonstrated that fuzzy logic controlled dry air sterilizer could achieve temperature ~
150°C within the heater chamber which may be suitable for sterilizing used surgical

equipment.

1. INTRODUCTION

Decontamination is a vital process in clinical settings, this
is because metallic surgical equipment is expected to meet a
certain condition of sterility for the safety of patients and
clinicians [1]. The advocacy for specialized sterilization
systems is dated to the late 1950s [2]. Over the years,
decontamination hub for reusable hospital and surgical tools
have become a cardinal unit of medical and health care
facilities [3-5]. Decontamination involves the physical and
chemical process that renders a reusable tool free of harmful
microbial life that could constitute a vehicle of disease
transmission during usage [3, 6-8]. In large hospitals,
sterilization of hand-held surgical sets specifically metallic
equipment may be tasking because the chain of processes
involved in decontamination include transport, sorting,
soaking, washing, and inspection. During this process, time
and energy expended in sterilizing of reusable clinical tool
accrue to delay in the administration of surgical procedures in
tertiary health care facilities [9]. There are several established
techniques employed in sterilization namely, chemical
washing, Ultrasonic washing, Tunnel washing, cart washing
and Thermal washing [10-13]. Most of these techniques rely
on specialized equipment maintained at controlled operating
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conditions. Moreso, sterilization plant is capital intensive and
usually out of reach in medical outlets in remote areas of low
resource base countries. Besides poor access to energy, huge
capital demand makes standard grade sterilization less
practicable in low-end part of the world [14-16].

The argument for suitable energy has influenced the design
of several medical devices used for various purposes includes
decontamination and sterilization process in hospitals [14, 17,
18]. An interesting perspective to low-energy sterilization
utilizing commercial solar panel has been demonstrated [17-
21]. Nonetheless, there are some limiting issues around the
utilization of low-energy sterilization technology. For instance,
a solar autoclave device was reported in literature as a
cumbersome structure for thermal capture and energy
utilization for sterilization concern [22]. This predisposes the
device to a high possibility of thermal loss between the solar
panel and thermal (dry air) duct which may impair thermal
effectiveness. Several attempts at designing low energy
sterilization equipment have been reported [23-25]. Utilizing
techniques of power electronics, certain improvements to
reduce high power requirements for the decontamination
process are being explored. Very notable is the down-scaling
of sterilizer size as a means of reducing power density during
usage [26]. Medium-scale and bed-side sterilizers have been
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designed following this concept.

This study focused on designing a portable bedside compact
dry air heat sterilizer which uses solar energy to sterilize
handheld metallic medical/surgical equipment. The design
proposed in this report utilizes a combination of baffles and
passes (thermal) enhancer for thermal energy by increasing the
residence time and flux of air within the enclosure. The need
to control the thermal process, vessel pressure and air flux
were addressed by using an intelligent fuzzy-controlled
architecture. This smart solar fuzzy-enabled dry air sterilizer
is made from locally sourced materials to ensure cost reduction
and local content inclusion in the fabrication procedure. This
study modified the technique of conventional solar air dryer
with a combination of Fresnel lens for beam concentration and
the incorporation of a fuzzy logic controller to regulate air flux
around the baffle-pass arrangement within predetermined
temperature boundaries.

2. MATERIALS AND METHODS

Following specified considerations, the construction of the
dry heat sterilizer was done in two phases (the fabrication of
components and the programming of the controllers).

2.1 Solar air heater utilization for dry heat sterilization

The radiation trapping system utilized in the constructed
device is an array of Fresnel lens of dimension 8.3cmx5cm
which is equivalent to 41.5cmx25cm for the entire array. The
glass cover is of dimension 41.5cmx25cmx0.2cm at 20°C
ambient temperature and solar radiation intensity of 800 W/m?,
the Fresnel lens magnifies temperature at 20°C to 125°C which
is far higher than the average solar radiation intensity of the
ambient which is estimated at 1360W/m?. Also considering
ambient air temperature to be equal to room temperature, and
considering solar radiation to be equal to 1360 W/m? the
magnified temperature becomes 169.7°C. The working
temperature for a dry heat sterilizer (electric oven with fan) is
between 140 and 170°C. Hence, from the experimental
interpolation, it can be seen that the Fresnel lens would be able
to achieve the ideal temperature needed for sterilization to take
place.

2.2 Thermal controller design hardware components

Power source: The solar panel is used to produce the
electric power on which the fans, sensors, and controller are
powered. It is connected to a 12V, 7.2Ah battery. Arduino and
motor shield: This is the controller used to run the code
programmed on the fuzzy logic toolbox and Matlab. The .fis
file was converted to a C compiler header and Arduino code.
The Arduino receives the inputs from the temperature and
humidity probes connected to it and passes the controlled
outputs through the Motor Shield to the actuators which are
the fans. The sensors required are temperature sensor with a
temperature range of 0 — 200°C and pressure sensor with a
range of 15-20 psi. The specifications for the acquired sensors
are shown below.

Actuator: 4 fans with heat sinks were adopted as the
actuators for this device. All fans have the same specifications,
which helps to ensure uniformity in the airflow volumes
produced by each fan. The specifications of the fans utilized
include fan life — 40,000 hours; Power — 1.44W; Air volume—
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30CFM; Fan size —80mmx=80 mmx25 mm; Heat sink material
— aluminum; Fan speed — 3500rpm; Quantity — 4pcs.

The programming phase involved interfacing of sensors and
actuators with the controller for specified premises with
consideration for flexibility base on stipulated initial
conditions, such as thermophysical and fuzzy linguistic
variables as contained in Tables 1, 2 and 3.

Table 1. Fuzzy initial conditions

Pressure in_fan_spd out_fan_spd
Temp (°C o — AT
pCO) (psi) W) )
low: T<140 low: p<15 low: V<4 low: V<4
med: Med: ) .
140<T<170 15<p<20 med: 4<V<8§ med: 4<V<8
high: T>170 high: 8<v<12  high: 8<v<12

Table 2. Inlet fan linguistic rules

Temp
Low med high
Pressure low Med high high
med Med med med
in fan spd

Table 3. Outlet fan linguistic rules

Temp
Low med high
Pressure low Low low med
med Low low high
out_fan_spd
Membership Function Editor: This provides an

environment to defined the membership functions (high mids
and lows) for each input and output (Figures 2-4); define their
range of values as well as their degree of membership.

The fuzzy architecture was implemented by specifying
initial values of the system such as the number of inputs and
outputs (i.e., 2 and 2 in this case) as well as the names (temp,
pressure, in-fan-spd and out-fan-spd). The AND method, the
OR method, the implication, aggregation and the
defuzzification is contained in Figure 1. It also made provision
for two other functions (membership function editor and real

editor).
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2.3 MATLAB Simulink

Simulink toolbox in MATLAB is used to simulate the solar
heater system with the fuzzy logic controller (which has the
program imported from the fuzzy logic toolbox). The transfer
function gotten from the mathematical model developed for
the solar air heater and Fan Laws [4]. It was used to stimulate
the working of the system under various conditions for
analytical purposes. The simulation shows the changes in
airflow volume of the fans relative to the change in
temperature and pressure as shown in Figure 5.

The structural design of the solar heater was first designed
via CAD software AutoCAD to give a better understanding of
the design and to readjust the design to fit the optimum
standard. The design consists of an assembly of the housing,
the baffle, the Fresnel lens array, fan and heat sink, battery,
control and solar panel as shown in Figure 6.

2.4 Modeling of heat transfer rate using heat exchanger
analogy

The following assumptions were made:

i. Both fluids are single phased and mixed as they come
in contact with each other.

The heat exchanger shell is adiabatic.

i. A constant uniform fluid inlet temperature.

iv. Diffusion and longitudinal conductance are neglected.
V. No transverse temperature.
vi. The velocity/flow rate of the inlet fluid is given by the

velocity of the flow inside the system and is a
component of flow rate emanating from both fans [5].

Considering the inlet, I1 and outlet, O1 to obtain similarity
with a cross-flow heat exchanger as shown in Figure 7.

Hot Fluid
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Figure 7. Schematic model of solar heater

Due to the non-isolation of fluid, there is no wall separating
the hot and cold fluid stream.

The energy conservation was computed thus using the
conservation equation for hot and cold fluid streams in Eq. (1).

¢, e — (W1A)(T,_T,)
C dt C s—*cC
+(MCp) de =0 M
d(z)
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dr,
dt
+(MCp)

Ch— = (WA (T-Ty)

Tn

4(7)

2)

=0

where:

C. is the heat capacitance of cold fluid;

Cj is the heat capacitance of hot fluid;

h! is the changing heat transfer coefficient;

A is the area of heat transfer;

Ty is the temperature inside the system (working
temperature);

T. is the temperature of the fluid at the inlet;

T} is the temperature of the fluid at the outlet;

M is the changing mass flow rate;

C, is the specific heat capacity of the fluid at constant
pressure;

x,y are the heat exchanger’s physical length and dimension;
and,

L is the length of the heat exchanger.

Considering turbulence in the baffles with thickness dj, with
wp and length /, and considering air flowing perpendicular to
the thickness of the baffle [6],

Reynolds number,

_udb

Re 3)

v

where, Re is the Reynolds’ number; v is the kinematic
viscosity. The flow is turbulent when the air hits the baffle.
Nusselt’s number,

Nu = 0.037 Re'/2Pr/3 )
But Nu = hdp (%)
1 1
0.037 Re'/2Pr'/3 k
h = (6)
dp
where, Pr is the Prandtl’s number.
The energy equation is given by:
Qconv L= (hlA)c (I —T.) (7

where, Qcony 1, 18 the convective heat flow rate at the inlet.

Considering the Fresnel lens solar concentrator [7].

The energy equation is given by:

Qu=0 - Q=Ita A —U A (T. — Ty) )

where:

Q. is the useful energy gain of the solar concentrator;

Qi is the collector heat input;

0, is the heat loss;

1 is the intensity of the solar radiation;

7 is the transmission coefficient for glazing;

a is the absorption coefficient of the plate;

A, is the collector Area;

T, is the collector average temperature; and

T. is the temperature at ambient.

It is also known that the rate of extraction of heat from the
collector may be by means of heat taken away by the collector



may be by means of the amount of heat taken away by the fluid
passed through it.

Qu = MCp(Th - TC) (9)
where, M is the mass flow rate Eq. (8) proves to be
inconvenient because of the difficulty in defining the collector
average temperature (7). It is convenient to define a quantity
that relates to the actual useful energy gain of the collector to
the useful gain if the whole collector temperature was at the
fluid temperature. This quantity is known as the collector heat
removal factor (F,) and is given by:

_ MG (Th—T)
! AC[ITa - Ul (Ts - Ta)]

(10)

where:

C. is the heat capacitance of cold fluid;

Cj is the heat capacitance of hot fluid;

h' is the changing heat transfer coefficient;

A is the area of heat transfer;

T; is the temperature inside the
temperature);

T. is the temperature of the fluid at the inlet;

Ty is the temperature of the fluid at the outlet;

M is the changing mass flow rate;

C, is the specific heat capacity of the fluid at constant
pressure;

x,y are the heat exchanger’s physical length and dimension;
and,

L is the length of the heat exchanger.

system (working

2.5 Temperature and pressure detection and control in the
system

Since the temperature and pressure are not elements that can
be directly controlled due to the fact that they are subject to the
outside environment; fans and heat sinks are adopted for this
control. This is to ensure that the line between the prescribed
range and the rules programmed to the fuzzy logic controller.
It is also used to control the fans based on the reference and
target temperatures at that point in time. There are two inlet
fans in opposite directions and two outlet fans as well as
making four fans in total.

At a medium speed of inlet fan, dissipation of heat is
minimal and even, at the same time pressure build-up while
the outlet fans are kept low to reduce the heat and pressure loss.
At the optimum working temperature while the pressure is low;
the inlet fans are set to high speed to build the pressure in the
chamber as rapid as possible while the outlet fan is set to low
to reduce pressure loss during this period. At high speed of the
inlet fan, the temperature would have exceeded the working
temperature while the pressure in the chamber is still low.
Therefore, the inlet fan speed is set to high to build the pressure
as rapid as possible while the outlet fan speed is set to medium
in order to expel the excess heat in the system.

A situation where pressure is minimal and the temperature
is low implies that the temperature in the chamber is still
building while the pressure is within the optimum working
condition. The inlet fans act to dissipate the building heat in
the system while maintaining the pressure. The outlet fans act
to prevent heat loss and pressure reduction during this period.
When both thermal and pressure fields within the chamber are
at minimal condition. It implies that the temperature and
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pressure in the system are at the ideal working condition and
hence should be kept at that.

The inlet fan speed is set to medium to maintain constant
distribution of temperature and pressure, while the outlet is set
to low to prevent losses. The inlet fan speed is set to medium
to help distribute the heat and pressure evenly while the outlet
fan speed is set to high to help remove the excess fan heat as
quickly as possible. The fuzzy-controlled architecture is
designed to maintain temperature and pressure at optimum
working conditions. High pressure is not taken into account
because the fans do not have the power high enough to
increase the pressure above the working pressure, and the
pressure sensor does not measure above the working pressure
as well.

2.6 Testing for the ability of the sterilizer to achieve
sterility

This test was carried out to ascertain the efficacy of the
sterilizer in sterilizing used surgical equipment (see Figure 8).
This was carried out by sterilizing used surgical equipment in
an autoclave at 121°C for 15 minutes having close similarity
with the report of the study [9] and some other used surgical
equipment were sterilized in the dry-heat sterilizer with
average temperature for 2 hours respectively while some used
surgical equipment was left unsterilized to be used as control.
Following the method described by Olutiola et al. [27], agar
medium (nutrient agar) was prepared and sterilized and left in
the molten form by placing in a water bath that had its
temperature regulated to 45°C to keep the agar warm so as to
be used for pour plate later. Sterile distilled water was used in
rinsing the sterilized and unsterilized surgical equipment
separately and serial dilution was carried out following the
method described by Olutiola et al. [27]. The stock and 10-1
dilutions were plated out using the pour plate technique. The
plates were incubated for 18-24 hours in after which the plates
were observed for microbial growth.

Figure 8. Surgical equipment on baffles during sterilization
in the dry air
a: samples of contaminated reusable surgical tool
b: interior of sterilizer device furnished with stainless steel

3. RESULTS AND DISCUSSIONS

With the aid of the structural setup and programming, the
system was able to reach its targeted working potential by the
controller using its logic to regulate the relatively analog
temperature and pressure signals and as such, the results were
analyzed. After the control has been programmed, the rule



viewer is a means of running the program, helping the user to
view the resulting implications on the outputs based on the
varying input signal (Temperature and Pressure) and the fuzzy
rule set. Figure 10 shows the regulated temperature and
pressure values and the equivalent fan speeds at that point
while the view for these temperature regimes are captured in
Figure 9 The Simulink model serves as a means of monitoring
the airflow volume of the fan (in CFM) as it acts to regulate
the varying input signals and tries to maintain them at Ideal
conditions for sterilization as shown in Figure 5.

b ] AT
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% 20 es s | |
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Figure 9. Rule viewer for temperature regimes

This plots a 3-dimensional graph producing a surface that
represents all possible outcomes of the system based on all
possible outcomes of varying input by joining different points
based on the rules to show the deviation the rules make in a
more visual form. For this controller, there are two surface
diagrams because there are two outputs. The x-axis represents
the temp, the y-axis represents the pressure, and the z-axis
shows the output (in-fan-spd or out-fan-spd as the case may be)
as contained in Figure 10 and Figure 11.

In.an_pd

pressure

Figure 10. Distribution of fuzzy-enabled fan input with
temperature and pressure

Dul.an"p-d

pressure

Temp

Figure 11. Distribution of fuzzy-enabled fan output with
temperature and pressure
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3.1 Analysis of sterility experiment

The analysis depicts sensitivity experiment of multibaffle
hot-air chamber during the contamination process. Plates
containing from rinse water from sterilized surgical equipment
using both the autoclave and the dry air sterilizer respectively,
showed no microbial growth whereas in plates containing
diluents from rinse water from unsterilized used surgical
equipment had microbial growths in them. This shows that the
designed sterilizer is capable and fit to be used for sterilizing
used surgical equipment in clinics without adequate supply of
power. The shortfall in chamber temperature during
sterilization could be attributed to some of these factors:

The glass used with the solar concentrator was too thick
and as a result, there was energy loss by reflection and
absorption by the glass plate.

Presence of unaccounted openings and cracks resulted
from flawed construction of the housing causing heat
loss from non-isolation of the system.

Fluctuating weather conditions leading to a large
variation in solar radiation intensity with time thereby
affecting the temperature.

il.

iil.

3.2 Technological and environmental impact analysis

The development of this intelligent sterilizer has set the pace
for the addition of modern technological advancements into
the areca of biomedical engineering research. Hence,
facilitating the development of more sensitive and efficient
technologies that adopt a mechatronic approach to solving
problems into the field. The development of this sterilizer
would help ensure the utilization of renewable energy while
reducing the dependence on electrical power sources for the
sterilization process which is most relevant in clinics and
hospitals in remote parts of third world countries.

4. CONCLUSION

In this report, low-cost dry air sterilizer for small-sized
medical tools has been presented. Fresnel lens solar collector
was employed to amplify radiation intensity. Fuzzy-based
controller architecture built on the Arduino platform supports
intelligent control of pressure and thermal transport. Specially
designed multi-baffle and multi-pass arrangement was
incorporated in the heating chamber to increase the residence
time of the thermal regime in the sterilizer chamber. This work
has demonstrated that fuzzy logic controlled dry air sterilizer
could achieve temperature ~ 150°C within the heater chamber
which may be suitable for achieving sterility in the used
surgical tools. Non-dependence on electricity and utilization
of solar radiation as feed energy asserts the environmental
friendliness of the device. The use of high-grade stainless steel
for device fabrication improves a contamination-free
environment in the chamber. Our observation showed that
used surgical equipment sterilized using the device indicated
considerable decontamination while the chamber temperature
is recorded within the literature range of convectional
autoclave and sterilizer device. A very unique feature of our
device is its low cost, ease of operation, compact-size, and
incorporation of intelligent controller scheme for optimized
temperature delivery in the chamber.
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