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INTRODUCTION 
 
Infection with enteric pathogens such as Escherichia 

coli (E. coli) or Salmonella is common in intensive pig 
farming and associated with poor performance and animal 
welfare (Pijpers et al., 1991; Greiner et al., 2000), as well as 
expensive veterinarian intervention costs. The cost and 
effectiveness of eradication or control of a disease outbreak 
is normally directly related to delays in detection. Moreover, 

it is known that detecting animal illness and providing both 
individual care and group-by-group mass therapy is not 
very effective, despite its high costs. Since infection is 
primarily spread via horizontal transmission from carrier 
animals to the others in close contact (Schwartz, 1991), the 
best way to handle an illness is early detection of diseases 
and treatment of the animal before the disease spreads. 

Over the past few decades, the relationship between 
behavior and animal health has gained attention (Weary et 
al., 2009). Several studies have demonstrated that the 
behavior and physiological responses of farmed animals 
provide reliable information about animal health status and 
welfare (Mepham, 2000; Nardone et al., 2004). For example, 
increased or decreased overall movement within a group 
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ABSTRACT: In this experiment, we proposed and implemented a disease forecasting system using a received signal strength 
indication ZigBee-based wireless network with a 3-axis acceleration sensor to detect illness at an early stage by monitoring movement of 
experimentally infected weaned piglets. Twenty seven piglets were divided into control, Salmonella enteritidis (SE) infection, and 
Escherichia coli (EC) infection group, and their movements were monitored for five days using wireless sensor nodes on their backs. 
Data generated showed the 3-axis movement of piglets (X-axis: left and right direction, Y-axis: anteroposterior direction, and Z-axis: up 
and down direction) at five different time periods. Piglets in both infected groups had lower weight gain and feed intake, as well as 
higher feed conversion ratios than the control group (p<0.05). Infection with SE and EC resulted in reduced body temperature of the 
piglets at day 2, 4, and 5 (p<0.05). The early morning X-axis movement did not differ between groups; however, the Y-axis movement 
was higher in the EC group (day 1 and 2), and the Z-axis movement was higher in the EC (day 1) and SE group (day 4) during different 
experimental periods (p<0.05). The morning X and Y-axis movement did not differ between treatment groups. However, the Z-axis 
movement was higher in both infected groups at day 1 and lower at day 4 compared to the control (p<0.05). The midday X-axis 
movement was significantly lower in both infected groups (day 4 and 5) compared to the control (p<0.05), whereas the Y-axis 
movement did not differ. The Z-axis movement was highest in the SE group at day 1 and 2 and lower at day 4 and 5 (p<0.05). Evening 
X-axis movement was highest in the control group throughout the experimental period. During day 1 and 2, the Z-axis movement was 
higher in both of the infected groups; whereas it was lower in the SE group during day 3 and 4 (p<0.05). During day 1 and 2, the night 
X-axis movement was lower and the Z-axis movement was higher in the infected piglets (p<0.05). Overall, the movement of infected 
piglets was altered, and the acceleration sensor could be successfully employed for monitoring pig activity. (Key Words: Acceleration 
Sensor, Pig Activity, Bacterial Infection, Wireless Sensor Network) 
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may imply an emerging disease. Surveillance of animal 
disease can serve as sentinels for bioterrorist or natural 
infectious disease epidemics. Pigs exposed to pathogenic 
bacteria, such as enteric E. coli or Salmonella strains often 
exhibit altered behaviors in terms of activity (Ivoš et al., 
1981). Behavioral monitoring in terms of activity should 
enable development of methodologies for detection of 
individuals with potential health problems, which could 
have a significant impact on practical farming. Traditionally, 
such evaluations have been based on observation of activity 
with the naked eye. However, in large groups of pigs, it is 
very difficult to visually measure behavior and monitor the 
health of individual pigs, let alone their welfare and 
movement. The development of systems for automatic 
monitoring of animal behavior has become possible owing 
to the evolution of new sensor technologies. Indeed, the 
invention of wireless sensor networks has led to a new level 
of possibilities in this area, with the potential for measuring 
animal behavior in natural and undisturbed environments. 
ZigBee is a 2.4 GHz-based low cost, low power, low data 
rate wireless technology built on top of the IEEE 802.15.4-
2003 standard. A number of studies have demonstrated the 
successful use of ZigBee received signal strength indication 
(RSSI)-based wireless sensor networks to monitor and 
classify animal behavior (Nadimi et al., 2012). 

Accelerometers are sensors that can be used as motion 
detectors (DeVaul and Dunn, 2001), as well as for body-
position and posture sensing (Foerster et al., 1999). Since 
they respond to both acceleration due to movement and 
gravitational acceleration, body-mounted accelerometers 
equipped with wireless interfaces show great promise for 
use in remote sensing of the behavior of individuals based 
on their movement. In the present study, we evaluated use 
of an acceleration sensor livestock disease surveillance 
system composed of the RSSI ZigBee-based wireless 
network to register the activity of piglets experimentally 
infected with Salmonella enteritidis (S. enteritidis) or E. 
coli. The overall objective was to investigate to what extent 
physical activity/movement changes in response to oral 
infection with S. enteritidis and E. coli, and to establish 
whether or not monitored behavior altered due to infection 

can be used as an early sign of pending disease induced by 
inoculated bacteria. 

 
MATERIALS AND METHODS 

 
System design 

In this study, we evaluated an acceleration sensor 
livestock disease surveillance system using RSSI ZigBee-
based wireless network. The system consists of an active 
tag acceleration sensor, a universal serial bus (USB) type 
receiver and a computer (data acquisition system) (Figure 1). 
The active tag consisting of a low power 3-axis 
accelerometer (Model NT-24AT-PBG; NETHOM, Gunpo, 
Korea) operating at a 2.4 GHz ISM (industrial, scientific, 
and medical) radio frequency band was used to measure 
acceleration within a range of ±2.5 g and acted as a signal 
transmitter with 30 to 100 m coverage. The acceleration 
sensor node was run on an AAA Energizer E92 alkaline 
battery capable of supporting the system for approximately 
48 h. The wireless signals were transmitted to a connected 
computer through a USB type receiver capable of decoding 
or demodulating the signals. The active tags attached to the 
piglet could only detect signals when the piglets moved. 
The activity of the piglets was determined from the data 
displayed on the computer in table format. 

 
Infection experiment 

This experiment was conducted under the approval of 
the Sunchon National University Animal Care and Use 
Committee (SCNU_IACUC_2012-11). A total of 27 
weaned piglets (average 4 weeks old with 9.58 kg average 
initial weight) were obtained from a high-health status farm 
(from the same herd) that was reportedly free from all major 
pathogens of swine, including Salmonella and E. coli. 
Animals were randomly distributed into three experimental 
groups composed of three replications with three piglets 
each in such a way that all groups had a similar mean live 
weight. The experimental groups were: control, infection 
with S. enteritidis (SE) and infection with E. coli (EC). The 
piglets in each group were reared in an environmentally 
controlled room in three isolated pens (slatted floor and a 

Figure 1. Diagram of the ZigBee-based livestock activity monitoring system. USB, universal serial bus. 
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space allowance of 0.75 m2 per piglet) and allowed a 2-
week adaptation period before commencing the study. 
Piglets in the SE and EC group were then orally infected 
with 10 mL suspensions of either S. enteritidis Korean 
Collection for Type Culture (KCTC) 2021 or E. coli KCTC 
2571 (1×108 cfu/mL). The bacterial strains are part of the 
KCTC and were purchased from the Korea Research 
Institute of Bioscience and Biotechnology, Daejeon, Korea. 
Frozen stock cultures of S. enteritidis or E. coli (maintained 
at –80°C in glycerol) were used to prepare the inocula by 
growth in nutrient broth (NB) for 24 h at 37°C. The piglets 
in the control group were orally inoculated with 10 mL of 
NB. An ambient temperature of 24±1.5°C was maintained 
in the pig houses via overhanging electric heaters. During 
the experimental period, piglets were provided with a 
commercial diet and water on ad libitum basis. The pens 
were illuminated by artificial light, and ventilation was 
provided by ten air changes per hour. There was no 
medication program to avoid effect of stress on pigs’ 
movements. 

 
Clinical observation 

To monitor post-infection performance, body weight 
gain and feed intake of pigs were recorded on the day of 
inoculation (day 0) and at the end of the experiment (day 5). 
Individual piglet’s ear temperatures were recorded daily 
using a Braun ThermoScan ear thermometer (Braun GmbH, 
Kronberg, Germany). The occurrence and severity of 
diarrhea were monitored and assessed daily on a pen basis 
by using a fecal consistency scoring system (0 = normal; 1 
= soft feces; 2 = mild diarrhea; 3 = severe diarrhea) 
(Marquardt et al., 1999). 

 
Activity observation  

To monitor the movements, all piglets were equipped 
with wireless acceleration sensor nodes on their back 
(Figure 2). The weight of the wireless sensor node was 

about 130 g, including the battery, which was easy for the 
piglets to carry and was securely tied to pig so that bitten or 
playing with other pigs impose little effect on the 
movement reading. We did not find any severe curiosity of 
piglets with the sensor node. Once activated, the active tag 
continuously sampled acceleration data in three axes (X-
axis: left and right direction, Y-axis: anteroposterior 
direction, and Z-axis: up and down direction) and sent data 
to a nearby (<30 m) PC computer for analysis and storage 
using a 2.4 GHz wireless USB type receiver. Analyses were 
conducted offline after the acceleration data has been 
collected and transmitted to excel files for further analysis. 

 
Statistical analyses 

All data for each variable were confirmed to be 
normally distributed. Data for movements were first 
transformed to absolute values using the ABS option of 
Microsoft excel to calculate the sum of each axis two hour 
activity. The sum values were then used to conduct the 
statistical analysis. Pen of three piglets was considered as 
the experimental unit. Statistical analyses were conducted 
using the SAS system ver. 9.1 (SAS Institute Inc., Cary, NC, 
USA) based on the statistical model: 

 
Yij = μ+αi+eij 
 
Where, Yij = the response variable, μ = the general mean, 

αi = the effect of treatments and eij = the random error. 
Duncan’s multiple range tests were used to identify 
significant differences between treatments. All p-values 
<0.05 were considered significant, while values 
0.05<p<0.10 were considered tendencies. 

 
RESULTS 

 
The growth performance of weaned piglets in response 

to infection with SE or EC is shown in Table 1. Five days 

 
              (A)                                     (B) 

Figure 2. Acceleration sensor and pig with sensor in their back. (A) Active tag. (B) Piglets with active tag. 
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after infection, the body weight (p = 0.0041) and feed 
intake (p = 0.0168) of both infected groups were 
significantly lower than those of the control group. The 
weight gain was greatly retarded in response to oral 
infection with SE or EC, with the lowest gain being 
observed in the EC infected group (p = 0.0002). The lowest 
feed conversion ratio was observed in the control group (p 
= 0.0069). The ear temperature of the piglets in both 
infected group was lower than control group during day 2, 4, 
and 5 (Figure 3). Although there was no significant 
difference, the fecal consistency score of control was 
measured as normal to soft feces, whereas in infected 
groups it was normal to mild diarrhea (data not shown). 

Figure 4 shows the early morning (4:00 to 6:00 am) 
activity of weaned piglets up to 5 days post-infection in 
response to infection with SE or EC. No significant 
differences were reported for the X-axis movement during 
the experimental period. The Y-axis movement of the EC 
infected group was significantly higher than that of the 
control and SE infected group during day 1 and 2 post-
infection (p<0.05). No differences in the Y axis movement 
were recorded for day 3, 4, or 5. The Z-axis movement was 
also higher in the EC infected group than the control group 
at day 1 (p = 0.0072), whereas the highest movement was 
reported in the SE infected group on day 3 (p = 0.0346). 
The morning (8:00 to 10:00 am) X-axis and Y-axis 

movement of weaned piglets did not differ between 
treatment groups during the experimental period (Figure 5). 
During day 1, the highest Z-axis movement was shown by 
piglets in both infected groups (p = 0.0486). However, at 
day 4, the Z-axis movement was highest in the control 
group (p = 0.0172). 

The midday (12:00 to 14:00 pm) X-axis movement of 
weaned piglets did not differ between treatment groups for 

Table 1. Effects of Salmonella enteritidis (SE) and Escherichia coli (EC) infection on the growth performance of weaned piglets1 

Items Control SE EC SEM p-value 

Day 1 body weight (kg) 16.50 16.38 16.24 0.22 0.7319 

Day 5 body weight (kg) 22.22a 20.79b 19.87b 0.29 0.0041 

Weight gain (kg) 5.72a 4.40b 3.62c 0.13 0.0002 

Feed intake (kg) 6.90a 6.13b 5.65b 0.21 0.0168 

FCR (feed/gain) 1.21b 1.40a 1.56a 0.05 0.0069 

SEM, standard error of the mean; FCR, feed conversion ratio. 
1 Each value represents the mean of 9 piglets. 
a,b Means with different superscripts differ significantly at p<0.05. 

Figure 3. Effects of Salmonella enteritidis and Escherichia coli
infection on the ear temperature of weaned piglets. Lines within a
time period not sharing a common letter are significantly different
(p<0.05). 

Figure 4. Effects of Salmonella enteritidis and Escherichia coli
infection on the early morning (4:00 to 6:00) axial movements (X,
Y, and Z axis) of weaned piglets. Lines within a time period not
sharing a common letter are significantly different (p<0.05). 
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the first 3 days post-infection (Figure 6). During day 4 (p = 
0.0056) and 5 (p = 0.0731), both infected groups showed 
lower X-axis movement than the control group. No 
significant difference was recorded for the midday Y-axis 
movement between treatment groups. During the first two 
days post-infection, the highest Z-axis movement was 
recorded in the SE infected group relative to the control 
(p<0.05), whereas no difference was recorded at day 3. 
During day 4 and 5, the SE infected group showed the 
lowest Z-axis movement compared to the control group 
(p<0.05). 

During day 1 and 2, the evening (18:00 to 20:00 pm) X-
axis movement of both infected groups was lower (p<0.05) 
than that of control group piglets (Figure 7). At day 3, the 
lowest movement was observed in the EC infected group (p 
= 0.0368). On day 4 and 5, both infected groups showed 
lower X-axis movement than the control group (p<0.05). 
There were no significant differences in Y-axis movement 

between treatment groups. The evening Z-axis movement 
was higher in both infected groups of piglets than the 
control during the first 2 days post-infection (p<0.07), 
whereas at day 3 and 4, the SE infected group showed lower 
movement than the other two groups (p<0.03). No 
significant difference in evening Z-axis movement was 
observed among groups at day 5. 

At night (22:00 to 24:00 pm) on day 1 and 2, the X-axis 
movements of both infected groups were lower than those 
of the control (p<0.02, Figure 8). No significant differences 
among groups were observed on days 3, 4, and 5. Oral 
infection with SE or EC had no significant effects on Y-axis 
movement of weaned piglets. During day 1, the highest Z-
axis movement was recorded in the EC infected group, 
whereas both infected groups showed higher movement 
than the control on day 2. At day 4, the Z-axis movement of 
EC infected piglets tended to be higher than that of the SE 
infected group (p = 0.0707); however, it did not differ from 

Figure 5. Effects of Salmonella enteritidis and Escherichia coli
infection on the morning (8:00 to 10:00) axial movements (X, Y,
and Z axis) of weaned piglets. Lines within a time period not
sharing a common letter are significantly different (p<0.05). 

Figure 6. Effects of Salmonella enteritidis and Escherichia coli
infection on the midday (12:00 to 14:00) axial movements (X, Y,
and Z axis) of weaned piglets. Lines within a time period not
sharing a common letter are significantly different (p<0.05). 
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the control. 
 

DISCUSSION 
 
An infection experiment using weaned piglets was 

conducted to investigate the effects of S. enteritidis and E. 
coli infection on the clinical conditions (growth 
performance, body temperature, fecal score) and axial 
movement of infected piglets. Our results revealed that oral 
inoculation of S. enteritidis and E. coli significantly reduced 
the growth rate and feed intake of weaned piglets, whereas 
it increased the feed conversion ratio. Consistent with our 
results, several studies have reported depressed growth in 
weaned piglets in response to oral infection with E. coli or 
Salmonella (Krsnik et al., 1999; Balaji et al., 2000; Burkey 
et al., 2004; Almeida et al., 2013). The reduction in feed 
intake and growth rate is also consistent with sickness-
induced lack of appetite, which is an expected sickness 

behavior associated with the innate immune system in host 
defense (Johnson, 2002). Bacterial infections increase 
synthesis of cytokines (Volf et al., 2012), which decreases 
feed intake (Johnson, 2002). The lower ear temperature of 
the SE and EC group piglets may lie in their lower 
metabolic rate due to lower feed intake and growth rate 
compared to the control group. Consistent to our result, Van 
Dijk et al. (2002) also reported lower rectal temperature in 
weaned piglets infected with E. coli. Although there was no 
significant difference, the fecal consistency score of 
infected piglets was numerically higher (soft feces to mild 
diarrhea) than the control piglets which may be responsible 
for lower feed intake (Van Beers-Schreurs et al., 1992). 

Behavioral signs have long been considered indicative 
of illness. The most commonly recognized behavioral 
patterns of animals at the onset of infectious diseases are 
lethargy, depression, anorexia, and reduced grooming (Hart, 
1988). In this experiment, we measured the axial movement 

Figure 8. Effects of Salmonella enteritidis and Escherichia coli
infection on the night (22:00 to 24:00) axial movements (X, Y, and
Z axis) of weaned piglets. Lines within a time period not sharing a
common letter are significantly different (p<0.05). 

Figure 7. Effects of Salmonella enteritidis and Escherichia coli
infection on the evening (18:00 to 20:00) axial movements (X, Y,
and Z axis) of weaned piglets. Lines within a time period not
sharing a common letter are significantly different (p<0.05). 
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of weaned piglets experimentally infected with S. enteritidis 
or E. coli using a 3-axis acceleration sensor. The feasibility 
of using the acceleration sensor to monitor animal 
movement has been investigated in many previous studies 
(Okada et al., 2010; Reith and Hoy, 2011). However, to the 
best of our knowledge, this is the first study to investigate 
the axial movement of experimentally infected weaned 
piglets. Based on the X-axis movement, both infected 
groups of piglets showed lower movement than control 
piglets. This can be explained by the reduced feed intake 
and lower level of motivation energy as a result of bacterial 
infection (Ivoš and Krsnik, 1979). The Y-axis movement 
did not differ among treatment groups, except during early 
morning, when the movement was highest in the E. coli 
infected group. During the first 3 days post infection (day 1 
significantly higher), the Z-axis movements of infected 
groups were higher than those of the control group, while 
they were lower than or the same as the control group 
during the last 2 days. The infected pigs may have 
discomfort in their stomach due to bacterial infection and 
diarrhea, which increase the Z-axis (up and down) 
movement during the first 3 days of experiment. However, 
development of registrant may help the piglets to overcome 
the stress and reduce their Z-axis movement during the last 
2 days. These results indicate that oral infection with 
Salmonella and E. coli organisms significantly altered the 
axial movement of inoculated piglets relative to those 
recorded in non-inoculated piglets. These findings are in 
accordance with those reported by Krsnik et al. (1999) and 
Rostagno et al. (2011), who found altered behavior in 
response to E. coli and Salmonella infection in piglets. 

 
CONCLUSION 

 
Failure of the early detection of disease results in 

increased financial losses for farms and the spread of 
disease, which can lead to national crises. In this manuscript, 
we investigated a livestock activity monitoring system 
using an acceleration sensor for early detection of any 
expected disease. We found that experimental infection with 
Salmonella and E. coli resulted in poor growth rate and feed 
intake. The acceleration results showed distorted movement 
in infected piglets when compared with non-infected piglets. 
Overall, the altered movement of infected piglets compared 
to control piglets was the result of pathogenic infection, and 
the wireless acceleration sensor could be successfully 
employed for early detection of illness. 
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