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ARTICLE INFO ABSTRACT

Keywords: Nowadays, most of the analysis on thermal comfort in the agricultural environment, with particular reference to
Thermal comfort animal production environments, use indexes that allow the evaluation of the thermal stress level of a given
Smartphones location by means of climatological variables. For the resolution of these indexes there is currently no specific

App computational system that provides, in loco, the thermal condition of an environment. Thus, the present study

Android s . . . .

Arduino aimed to develop a computational system capable of evaluating the thermal comfort of animal production fa-
cilities and human work environments. The system was based on the development of an application for
smartphones and Android tablets, and the creation of a low cost portable device to measure climatological
variables such as air temperature, black globe temperature and relative humidity. The portable device was
developed based on the Arduino ATmegal280 microcontroller, along with temperature and relative humidity
sensors. The android app was used together with the portable device in two environments, an office and a pig
facility. The system showed to be functional in obtaining an in loco diagnosis of thermal comfort of the en-
vironments, in which measurements of air temperature, relative humidity and black globe temperature were
collected and sent to the application that calculated THI and BGHI. The development of the Android application
and portable device can be considered as a low-cost alternative solution for evaluations and monitoring of
thermal comfort of animals and people.

1. Introduction results are done through the installation of sensors that perform mea-
surements of climatological variables together with electronic data
storage devices (data loggers) able to record the data (Alves et al., 2007;

Jacome et al., 2007; Fiorelli et al., 2010; Gomes et al., 2011; Fernandes

In order to obtain the optimum productivity of the animals allowing
the expression of their genetic potential it is necessary to provide fa-

vorable conditions. Likewise, in human work environments the limits of
tolerance to heat exposure are ways of preserving workers’ health and
ensuring the maximum yield and quality of activities. Over the years
studies on thermal comfort have become relevant in assessing en-
vironmental conditions. Indexes were developed to better measure the
comfort of individuals, such as the Temperature and Humidity Index —
THI (Buffington et al., 1983), Discomfort Index — DI (Thom, 1959) and
Black Globe Temperature and Humidity Index — BGHI (Buffington et al.,
1981), based on climatic measures such as air temperature, black globe
temperature, relative humidity and air velocity. Thermal comfort can
be defined as the condition of full comfort that an individual expresses
in relation to the environment in a thermal perspective (ASHRAE
Standard and 55P, (2010); Nematchoua et al., 2013; Din et al., 2014).

Currently the application of these indexes and analysis of their

* Corresponding author.

et al., 2011; Sarubbi et al., 2012; Carvalho et al., 2014; Oliveira Jtnior
et al.,, 2015) and by means of specialized software developed for the
Windows operating system (Mollo Neto and Nads, 2014, Mollo Neto
et al.,, 2014, Angelo et al., 2014). This type of measurement and data
analysis is effective when it is necessary to monitor and analyze large
volumes of data collected over long periods. However for an in loco
analysis with low data volume and smaller collection periods of ap-
proximately 30-60 min, the need for a previous programming of the
electronic data storage devices, the deployment of a set of sensors ac-
cording to the index to use and the configuration of the proprietary
software to receive the data, makes this process sometimes expensive
and unachievable.

Thus, the aim of this study was to develop an application for
smartphones and Android tablets and a low cost portable device in
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Table 1
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Thermal comfort limits for broilers, cattle and pigs according to the indexes BGHI and THI.

Thermal comfort limits for broilers

Age (weeks) BGHI THI
Thermal comfort 1 75.8 = 0.9< BGHI < 79.7 = 1.6 72.4 < THI < 80
2 719 = 1.0< BGHI< 744 + 1.8 68.4 < THI < 76
3 68.7 = 1.0< BGHI < 71.7 + 0.4 64.5 < THI < 72
4 60.5 < THI < 68
5 56.6 < THI < 64
6to7 56.6 < THI < 60
Thermal comfort limits for cattle
BGHI THI
Thermal comfort BGHI < 74 Thermal comfort THI < 72
Heat stress (mild) 74 < BGHI < 79 Heat stress (mild) 72 < THI < 79
Heat Stress (Dangerous) 79 < BGHI < 84 Heat stress (moderate) 79 < THI < 89
Heat stress (severe) 89 < THI < 98
Thermal comfort limits for pigs
BGHI THI
Thermal comfort BGHI < 72 Thermal comfort THI < 74
Thermal discomfort 72 < BGHI < 81.10 Alert 75 < THI < 79
Heat stress BGHI > 81.10 Dangerous 79 < THI < 84
Emergency THI > 84

A.

Fig. 1. Two-dimensional Diagram (A.), variable correlation (B.)
Adapted from Frota and Schiffer, 2006

order to calculate the in loco thermal comfort indexes of animal pro-
duction facilities and human work environments.

2. Materials and methods

The study was carried out in two parts: I — development of an
Android mobile app; II - creation of a portable low-cost device for
measuring and sending climatological data to the app developed via
Bluetooth communication. The development and tests were carried out
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at the Faculty of Agronomic Sciences, FCA, UNESP,
Brazil (22°53'07.9”S; 48°26726.1”W).

Botucatu / SP,

2.1. Weather variables

The measures required to solve the thermal comfort index were: dry
bulb temperature (°C), wet bulb temperature (°C), black globe tem-
perature (°C), dew point temperature (°C), relative humidity (%) and air
velocity (m s ~1). The dew point temperature was obtained by Eq. (1) as
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Table 2
Tolerance limits for exposure to heat, in an intermittent work regime with rest
periods at the place of service (MINISTERIO DO TRABALHO, 2014).

Intermittent work regime with rest at the Light Moderate  Heavy

workplace (per hour)

Continuous work <30.0 <26.7 <25.0

45 min of work 30.1-30.5 26.8-28.0  25.1-25.9
15 min of rest

30 min of work 30.7-31.4 28.1-29.4  26.0-27.9
30 min of rest

15 min of work 31.5-32.2 29.5-31.1  28.0-30.0
45 min of rest

Work is not allowed without the adoption of >32.2 >31.1 >30.0

adequate control measures

a function of T, and RH (Lawrence, 2005; Alduchov and Eskridge,

1996).
RH AXT,
b - B; X [ln(ﬁ) + BI+TZ]

P RHY A xTy
A _ln(ﬁ)_sl + T,

(€8]

where D, is the dew point temperature ("C), RH is the relative humidity
(%), T, is the air temperature (°C), A; = 17.625 and B; = 243.04.

2.2. Thermal comfort indexes for animals

Seven parameters of thermal comfort evaluation were implemented
for animals from five equations, three for birds, two for cattle and two
for pigs. The Temperature and Humidity Index (THI) was used as a way
of evaluating the thermal comfort inside the facilities for broilers, cattle
and swine, by means of different equations. In Egs. (2)-(6) are
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presented the THI calculations for broilers (Eq. (2) (Buffington et al.,
1983), dairy cows and cattle (Eq. (3)) (Vitali et al., 2009) and pigs (Eq.
(4)) (Roller and Goldmn, 1969; Feher et al., 1983; Gates et al., 1991;
Gates et al., 1995).

. RH X (T,-143)

THIp;gs = 0.8 X T,
birds a 100

+ 46.3 @)

where T, is the air temperature (°C) and RH the relative humidity (%).

THIeqme = (1.8 X T, + 32)—(0.55—0.55 X RH)[(1.8 X T, + 32)—58] 3)

where T, is the air temperature (°C) and RH the relative humidity in
decimal unit.

THIp = 0.63 X Typ + 1.17 X Ty + 32 4
where T, is the wet bulb temperature (°C) and Ty, the dry bulb tem-
perature (°C).

The Black Globe-Humidity Index (BGHI), according to Buffington
et al. (1981), was used to assess the thermal comfort of birds, dairy
cattle and pigs (Eq. (5)).

BGHI = T, + 0.36 XD, + 41.5 (5)
where T, is the black globe temperature (°C) and D, is the dew point
temperature (°C).

The Temperature-Humidity-Velocity index (THVI), according to Tao
and Xin (2003), was also used for evaluations of thermal comfort of
birds (Eq.6).

THVI = (0.85 X Typ + 0.15 X T,y,)X V0058 (6)

where Ty, is the dry bulb temperature (°C), T, is the wet bulb tem-
perature (°C) and V is the air velocity (m s™h.

User inputs

Air temperature (°C)
Black globe temperature (°C)
Relative humidity (%)
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Fig. 2. A schematic of the application model with inputs and outputs - dashed arrows are manual inputs and continuous arrows are portable device inputs, the dashed

line encompasses the internal components of the application.
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A.

Data transferring
Data transferring by portable device
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Share data by

GO

Send to nearby
friends

WhatsApp

Add as comment  Add Card to Trello

Telegram Outlook

M S

Add to Dropbox

Gmail

Fig. 3. Screenshots of receiving data via Bluetooth from the portable device (A) and data sharing options with other apps (B).

2.2.1. Thermal comfort limits

Table 1 shows the thermal comfort limits according to the BGHI
index for broilers (Candido et al., 2016), cattle (Souza et al., 2004) and
pigs (Sampaio et al., 2004; Kiefer et al., 2009) and the THI index for
broilers (Silva et al., 2004), cattle (Armstrong, 1994) and pigs (Lima
et al., 2007).

2.3. Thermal comfort indexes for humans

2.3.1. Effective temperature index — ETI

This index was implemented by correlation between dry and wet
bulb temperature and air velocity of a nomogram — two-dimensional
diagram (Frota and Schiffer, 2006). In Fig. 1(A) the nomogram is shown
and in Fig. 1(B) the correlation of the measurements to obtain the ef-
fective temperature is applied.

To perform the correlations of the climatological measurements of
the nomogram, five matrices of 16x16 order were created. Each matrix
corresponds to an air velocity measurement between 0.0 and 2.0ms ™!
(with intervals of 0.5 m s~ '). The columns were defined as the dry bulb
temperature measurements, the lines as wet bulb temperature mea-
surements and the intersection between rows and columns as the ef-
fective temperature values. The definition of the zones of comfort and
discomfort comes from the comparison of the effective temperature
value within a limit established between 22 and 27 (blank area of

Fig. 1B). Values less than 22 or more than 27 correspond to the zone of
discomfort.

2.3.2. Globe temperature and humidity index — BGHI

The BGHI index is calculated by means of two equations (Egs. (7)
and (8)). The values of dry and wet bulb temperature and black globe
temperature are used (MINISTERIO DO TRABALHO, 2014).

For internal or external environments without solar charge:

WBGT = 0.7 X Typ + 0.3 XTyg %)

where T, is the wet bulb temperature (°C) and T;, the black globe
temperature (°C).
For outdoors with solar charge:

WBGT = 0.7 XTyp + 0.1 X Ty + 0.2 X Ty )

where T, is the wet bulb temperature (°C), Tj, the black globe tem-
perature (°C) and Ty, the dry bulb temperature (°C). Table 2 shows the
tolerance limits for heat exposure.

2.3.3. Discomfort index — DI
The DI has as input variables temperature and relative humidity of
the air, according to Eq. (9) (Thom, 1959).

DI = 0.99 X T, + 0.36 XTy, + 41.5 ©
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N 26 @& v 16:43

BGHI - Black Globe-Humidity Index
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Black Globe Temperature (°C)
Relative Humidity (%)

HEAT STRESS

Fig. 4. Screenshots of manual data entry in calculation of the BGHI index for broilers up to two weeks of age (A.) and result of the BGHI index (B.)

Fig. 5. Top view of portable device: external power supply (a); type B USB
input (b); temperature and relative humidity sensor AM2302 (c); black globe
thermometer (d); LEDs (e).

where T; is the air temperature (°C) and T, the dew point temperature
Q).

The thermal comfort limits for the DI are defined as: Comfort for
60 < DI < 75, Cold discomfort for 55 < DI < 60, Heat discomfort
75 < DI < 80, Cold stress for DI < 55 and Heat stress for DI > 80
(Ono and Kawamura, 1991).

2.4. Portable device

The main component of the portable device, responsible for the
processing and transmission of data, was the Arduino Mega 2560 mi-
crocontroller (Arduino, 2018), based on the ATmega2560 (Arduino
Products, 2018). The Arduino Mega 2560 microcontroller is an open
source electronic platform that enables the recording of algorithms
using a specific integrated development environment. The Mega 2560
model has 54 digital doors, 16 analog and 256-KB flash memory. As a
power source the device operates under DC voltage of 5 V. The AM2302
sensor also known as DHT22 (Aosong, 2015) was used to collect mea-
surements of the temperature, black globe temperature and relative
humidity. The sensor is composed of an NTC-type thermistor and a
capacitive element for temperature and relative humidity measure-
ments, respectively. It has a resolution of + 0.5°C (maximum of =
1.0°C) for air temperature measurements, with an operating scale be-
tween —40 °C and 80 °C. For the measurements of relative humidity its
resolution is of + 2-5%, with scale of operation of 0-100%. It has a
transmission signal range via Pin 2 (SDA) up to 20 m (operating con-
ditions DC voltage of 3.3-5.5 V). The BC 417 HC-05 module was used to
transmit data via Bluetooth technology. This component operates in
slave transmission mode, only capable of receiving connections (or
pairings) from other devices. The data transmission range of the Blue-
tooth module BC 417 HC-05 is up to 10 m. As a power source, the
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Fig. 6. Schematic diagram of the electronic circuit — portable device.
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Fig. 7. Measurements of air temperature (A) and relative humidity (B) of Vaisala HMP45C and AM2302 sensors.

device operates under DC voltage of 3.3 V. The data measured by the 2.4.1. Black globe thermometer

AM2302 sensor is sent by the BC 417 HC-05 module via the serial For the development of the black globe thermometer, a hollow

communication standard for RX / TX ports. plastic sphere of the polyvinyl chloride type (PVC) was used, 36 mm
diameter and 0.5 mm thick, as recommended by Souza et al. (2002).
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Table 3
Mean and standard deviations of temperature and relative humidity of air be-
tween Vaisala HMP45C and AM2302_1.

Day Sensor N T (°C) RH (%)
Mean St Dev Mean St Dev
08/13 Vaisala HMP45C 139 14.71 4.16 64.9 13.8
AM2302 - 1 139 14.91 5.66 59.1 18.1
AM2302 - 2 139 14.48 4.43 64.2 15.4
08/14 Vaisala HMP45C 144 16.62 5.03 55.1 19.7
AM2302 - 1 144 17.11 6.83 50.1 23.8
AM2302 - 2 144 16.24 5.38 54.7 21.4
08/15 Vaisala HMP45C 144 22.38 5.20 38.14 7.59
AM2302 - 1 144 22.26 6.17 33.28 9.21
AM2302 - 2 144 22.00 6.09 37.68 8.83
08/16 Vaisala HMP45C 78 22.36 3.23 41.90 4.00
AM2302 - 1 78 22.07 4.49 37.91 5.84
AM2302 - 2 78 22.35 5.14 41.78 6.31

Inside the sphere, the AM2302 air temperature and relative humidity
sensor was inserted to perform black globe temperature measurements.

2.5. Application development

The entire development of the application was carried out in the
software Android Studio AI-141.1989493, through the Java object or-
iented programming language. Fig. 2 shown a schematic of the appli-
cation model with inputs and outputs.

2.6. Data acquisition and validation

The portable device was inserted in two environments, an office (I)
and a swine facility (II), both located in the Fazenda Lageado of the
Faculty of Agronomic Sciences, Botucatu (Brazil). It is necessary to
specify the time of acquisition of the data in the application, an average
value of the measurements made in the period by the portable device
was used to calculate the indexes of thermal comfort. The temperature
and relative humidity sensor AM2302 was subjected to a previous ca-
libration using the Vaisala HMP45C sensor (Campbell Scientific, 2018).
As a form of validation of the portable device the data obtained in the
field were compared with those obtained by HOBO U12-012 (Onset,
2018).

—— Portable device

A 248 ——— HOBO

24,6 4

24,4
24,2 i
24,0-
23,8—.

23,6

Air temperature (°C)

23,4
23,2

23,0 4

T T T T T T T T T
0 20 40 60 80

Measurements (N)

Computers and Electronics in Agriculture 151 (2018) 175-184

3. Results and discussion
3.1. Android app

The Android smartphone and tablet app has been developed and
published on the Google Play platform and is available in both English
and Portuguese versions. For download just access the link https://play.
google.com/store/apps/details?id = com.orvalho.

3.2. Data entry via portable device

For data entry through the portable device the user must position
the device within a radius of approximately 10 m in relation to the
smartphone or tablet, which is the limit distance used for the correct
operation of the data transmission via Bluetooth. After the connection
between the app and the portable device, it is necessary to set the
measurement time — displayed in minutes in a range of 1 to 60 (1, 2, 5,
10, 15, 20, 30, 40, 50 and 60). This configuration is required for the
data acquisition process to start (Fig. 3A). After completing the data
transmission, three options are presented to the user: I. Define in-
dividual: it displays the screen of the individuals’ list (1. Humans, 2.
Broilers, 3. Cattle and 4. Pigs), through the measurements obtained, a
certain thermal comfort index is calculated; II. View data: it allows to
see the received data; III: Export data: the indexes are calculated, and
together with the measurements are exported in a XML format file.
After export the user can share the data received by the portable device
(Fig. 3B).

3.3. Manual data entry

Manual data entry allows to insert data collected by other mea-
suring devices. In this case, the user can evaluate thermal comfort
conditions from the mean values of measurement, or maximum and
minimum values collected in the environment (Fig. 4).

3.4. Portable device

The portable device is an instrument developed to send climatolo-
gical measurements of air temperature, black globe temperature and
relative humidity via Bluetooth connection for Android smartphones
and tablets. The device can be powered by a USB port (type B) or by an
external 9V input. Its electronics components were arranged in a plastic
box  (cabinet injected wunder high injection pressure),
36 x 97 x 147 mm. Figs. 5 and 6 shows the device and its components
in top view and the schematic diagram of the electronic circuit,

—— Portable device
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Fig. 8. Measurements of air temperature (A) and relative humidity (B) collected by portable device and HOBO data logger in an office.
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Fig. 9. Measurements of air temperature (A), black globe temperature (B) and relative humidity (C) collected by portable device and HOBO data logger at a swine

facility.
respectively.

3.5. AM2302 sensor calibration

The temperature and relative humidity sensor AM2302 was cali-
brated with the Vaisala HMP45C sensor at a meteorological station of
the Faculty of Agronomic Sciences, Botucatu (Brazil). Data were col-
lected between August 13 and 16, 2016, at 10 min intervals, totaling
505 data. The measurements of both sensors are shown in Fig. 7.

Table 3 present the mean values and standard deviations of the
measurements of the Vaisala HMP45C and AM2302 sensors.

3.6. Comparative analysis of measurements

In order to evaluate the correlation between the measurements
performed by the portable device and the commercial data logger
HOBO U12-012, the devices performed a 40 min collection with
reading intervals every 30s in an office (Fig. 8).

In this environment an average air temperature of 24.36 °C (por-
table device) and 23.67 °C (data logger HOBO) was obtained. The
average measurements of relative humidity were 50.07% (portable
device) and 60.90% (HOBO data logger). For the Discomfort Index (DI),
applying the mean values obtained by the portable device and the
HOBO data logger, the values of 70.39 and 70.58 were respectively
obtained. In this environment on the basis of the Discomfort Index (DI)

182

both devices led to a thermal comfort condition. The second environ-
ment used to compare the measurements of the devices was a swine
installation, with the same collection period and reading intervals
(Fig. 9).

It was observed a mean air temperature of 22.46 °C (portable de-
vice) and 21.81 °C (HOBO data logger), a mean black globe temperature
of 22.37 °C (portable device) and 21.91 °C (HOBO data logger), and a
mean relative humidity of 72.67% (portable device) and 65.83%
(HOBO data logger). For the Globe and Humidity Temperature Index
(BGHI), applying the mean values obtained by the portable device and
the HOBO data logger, the values of 70.10 and 68.86 were respectively
obtained. Both devices led to a thermal comfort condition, according to
the BGHI index.

The cost for the creation of the portable device was approximately
US $ 33.00, considering only the electronic components, being: a mi-
crocontroller Arduino Mega 2560 (US $ 10.00), two DHT22 air tem-
perature and humidity sensors (US $ 5.28), a Bluetooth module 417 HC-
06 (US $ 4.60), a black globe - 36 mm in diameter (US $ 0.92), a9V
alkaline battery (US $ 4.92), a storage structure for electronic compo-
nents - a case box (US $ 5.04) and a printed circuit board (US $ 2.26). In
addition to the cost of electronic components, to make the Orvalho app
publicly available in the Google Play virtual store, we invested over US
$ 25.00. Considering the portable device and the application, there was
a total investment of approximately US $ 58.00. It is noted that current
methods of thermal comfort analysis, as for example of Carvalho et al.
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(2014), use electronic sensors for measuring climatic variables and a
data storage device - data logger (sensors and data logger can be in-
tegrated on the same device). The cost of a 6-inch copper ball In-
strutherm ESF-206 (Instrutherm, 2018) is approximately US $ 135.00
(suggested price in Brazil, being: US$ 1.00 ~R$ 3.43 — 04/13/2018).
An Extech RHT10 Humidity and Temperature USB Datalogger (Extech,
2018) is approximately US $ 75.00, while a Tinytag Plus 2TGP-4500
(Tinytag, 2018) can be up to US $ 233.00. In this case, the cost of
performing a thermal conditions analysis by measuring the variables of
air temperature, black globe temperature and relative humidity is US $
217.00 to US $ 375.00. In this way, the portable device obtained a
reduction of 75% to 90% of the cost commonly applied in equipment
for analysis of thermal comfort. However, it is worth mentioning that
the cost of manufacturing (labor) was disregarded in the creation of the
portable device.

The Orvalho application can be used as an alternative for calculating
thermal comfort indexes. Users of specific software for thermal comfort
analysis of cattle for Windows platform, such as that developed by
Mollo Neto and N#is (2014) and Mollo Neto et al. (2014), can use the
application in on-site analysis where it does not have a personal com-
puter. Likewise, calculations of thermal comfort indexes for swine and
broilers (THI, BGHI and THVI), which are also currently performed in
software for the Windows operating system, as presented by Angelo
et al. (2014), can be done on smartphones and tablets using the Orvalho
application. Computer programs developed for PC architectures are
efficient when there is the possibility of transport and use of a personal
computer in the place where the analysis of the thermal conditions must
be performed. Often, obtaining an on-site diagnosis makes it possible to
understand whether there is a need for a more detailed analysis of the
thermal conditions of that location. The Orvalho application and the
portable device can serve as a thermal comfort pre-analysis tool in
sheds and animal production facilities. Its use may help in the appli-
cation of other methodologies and technologies of animal welfare
analysis, such as those developed by Sousa et al. (2016), Pereira et al.
(2013), Gilkeson et al. (2016) and Li et al. (2017).

When comparing the investment applied to the construction of the
portable device, its mobility and the technology used in the present
equipment and methods of analysis of thermal comfort of animals and
people, a significant gain can be observed with respect to the total cost
of the equipment and the form of on-site evaluation granted by the
portable device and the app for Android mobile devices. The portability
and the easiness of performing calculations of thermal comfort indexes
by the application, taking into account the increasing use of smart-
phones and tablets in the most diverse areas, is also a relevant feature in
evaluations and monitoring of thermal comfort realized by small pro-
ducts, researchers and industry.

4. Conclusion

An app called Orvalho was developed for Android smartphones and
tablets to calculate the thermal comfort indexes of animals and people
by manually inserting climatological data or by obtaining data from a
portable device via Bluetooth communication. Together with the
Android app a low cost portable device was created using an Arduino
microcontroller and sensors for air temperature, black globe tempera-
ture and relative humidity. The results demonstrated that the Android
application and the portable device are functional technologies for
thermal comfort assessments in animal and human work environments.
By means of on-site measurements it is possible to verify the correct
operation of the Orvalho app for the calculation of DI indexes in an
office and BGHI in swine facilities.

The Android app allows to obtain a diagnosis of thermal comfort
based on the THI, BGHI, THVI, ETI, WBGT and DI indexes. The portable
device can be a low cost alternative for measurements of climatological
variables in order to evaluate the thermal comfort of environments. In
addition, the use of the device along with the app offers several
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advantages, such as the storage of data on the smartphone or tablet,
option to share measurements and thermal comfort indexes through
other apps, average data collected in a time interval pre-defined in the
study site and easy usability.
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