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Simple Summary: Technological advancements and growing interest in farm animal health have
led to the development of various biometric devices. Among these, bolus-type biosensors have been
extensively used to monitor adult cattle, but their application in calves remains limited. In this study,
we evaluated a newly developed miniature bolus biosensor, equipped with a triaxial accelerometer
and temperature sensor, to monitor physiological changes in beef and dairy calves. The biosensor was
orally administered shortly after birth and monitored for retention and data accuracy. Our findings
showed that most calves have successfully retained the biosensor, which provided valuable data on
calf activity, body temperature, and responses to the stressful weaning period. Significant changes
in these parameters indicate the possibility of using such biosensors for early health monitoring.
While occasional regurgitation of the device was noted, this study highlights the potential of these
biosensors for improving calf health management, though further validation is needed.

Abstract: In this study, a newly developed small wireless bolus biosensor, equipped with a triaxial
accelerometer and temperature sensors, was applied to assess physiological changes in calves. The
biosensor was orally implanted in calves, and its retention rate and location in the forestomach
were examined. Data transmitted at 10 min intervals were analyzed to determine the characteristics
of the calves at 10 and 100 days of age. Additionally, the daily averages of the vector magnitude
(DV), changes in V over time (DV1), and reticular temperature (DRT) were analyzed during the
experimental period. The biosensor was orally administered to twelve calves (six beef and six dairy)
within 22 days of birth. Except for two regurgitated devices, the sensors transmitted data normally
in a wireless manner for 15 weeks, recording physiological changes in the calves. The location of
the biosensors was confirmed to be the reticulum. The analysis revealed that the V and V1 values
were influenced by the physical characteristics of the biosensor’s location. During weaning, DV and
DV1 values first increased and then decreased compared to pre-weaning, while the DRT increased
post-weaning and remained elevated. These findings suggest that these types of biosensors can be
used for monitoring calf health; however, further research is needed to determine their ability to
detect pathological states.
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1. Introduction

For a sustainable cattle industry, maximizing productivity through efficient manage-
ment under limited conditions is crucial. Advances in dairy cow management technologies
and their popularization have significantly increased the average volume of milk produc-
tion per head globally over the past few decades [1,2]. Subsequently, advanced technologies
and devices have been introduced to support this increase in milk production [3]. The
robotic milking system is an ideal example of this progress, with a capability that extends
beyond simply assisting the milking process to acquiring biometric information on each
cow and using that information for feeding management [4]. Wearable information and
communication technology (ICT) devices for obtaining biometric data are also widely
used in the dairy industry [3], to detect the precise timing of estrus and parturition and
to monitor for abnormal values such as body temperature, ruminoreticular motility, and
rumen pH which are associated with reduced milk production [5]. Data are transmitted
wirelessly, and through conversion, they communicate information about the physiological
and pathological conditions of the animal to the owner, providing recommendations on
health management and patient care [6].

However, in the beef cattle industry, the use of ICT devices is limited compared to
that in the dairy cattle industry, focusing mainly on estrus detection [3,4]. On the other
hand, one significant factor that reduces productivity in the beef cattle industry is calf
mortality [7]. The mortality rate of calves under one year of age was reported to be an
average of 5.7% on a large-scale beef farm over ten years in South Korea [8]. According
to official data on Japanese Black cattle, the calf mortality rate until approximately the
weaning period (during the first 180 days) is about 3.3%, with deaths primarily attributed
to gastrointestinal and respiratory infectious diseases [9]. Calf mortality is also problematic
in dairy calves, as revealed in a study involving a large dairy farm in South Korea in which
an average mortality rate of 10.7% for calves under one year of age was recorded over
a 10-year period [7]. Furthermore, the combined mortality–culling rate for female dairy
calves and replacement heifers until their first calving was 21.2% in China, based on data
collected from 31 farms located in various regions across the country [10]. These findings
indicate that to achieve sustainability in the cattle industry, productivity can be improved
by reducing calf mortality through early diagnosis and appropriate treatment. However,
in Korea’s beef cattle breeding system, where calves live with their dams until weaning,
the early detection of diseases, primarily through farmers’ observation is a challenging
task due to practical difficulties such as limited time and insufficient labor in monitoring
livestock effectively.

As calf diseases significantly impact productivity [7,9], continuous efforts are being
made to improve early disease detection. As part of these efforts, sensors have recently
been used to measure vital signs, and data analyses have facilitated the remote detection
of pathophysiological states and the health condition of individuals or herds [11]. Since
the main causes of mortality in calves are digestive and respiratory diseases before and
after weaning [12], ICT devices should be used to provide data regarding features such as
calf activity, digestive system motility, and body temperature in a wireless manner [11].
These metrics are crucial, as deviations from normal ranges can indicate potential health
issues [13]. Consequently, information from these biometric data will allow farmers to
identify diseased calves more rapidly than through observations. However, very few
reports exist on the development and use of ICT devices specifically for calves.

In this study, we evaluated the feasibility of using a newly developed small bolus
biosensor, equipped with three-axis acceleration and temperature sensors to monitor calf
health. The sensor was applied to calves immediately after birth, and its retention rate was
evaluated. We then analyzed the wirelessly transmitted sensor data and their converted
values to determine the characteristics of each parameter. Finally, changes in data before
and after weaning were analyzed.
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2. Materials and Methods
2.1. Animals

The experiments were designed to evaluate whether physiological changes in healthy
calves can be monitored by this new biosensor. Six Korean Native calves as beef calves
(BCs) and six Holsteins calves as dairy calves (DCs) were selected and used sequentially
in the order of their birth between September and December 2021. Although the primary
objective of this study was to evaluate the biosensor’s performance in individual calves
without a formal sample size calculation, we selected six calves from each group (beef and
dairy calves) to enable the use of ANOVA and other statistical analyses.

The BCs were assessed at a breeding farm in Cheongju, a city in South Korea. They
were reared together with dams in a 5 × 10 m barn with stanchions, with an extra 5 × 5 m
space set aside to allow for the free movement of the calves. A concentrate-only diet was
provided twice a day at 09:00 and 15:00 until one month after birth, and thereafter, hay and
water were provided ad libitum. The amount of concentrate was gradually increased until
each calf’s uptake reached 800 g/day, after which weaning was performed, i.e., when the
calves were approximately 2–3 months old. For the prevention of calf diarrhea, the BC’s
mothers were vaccinated twice, at 3 weeks and 6 weeks before parturition (ScourGuard®

4k; Zoetis Animal Health, Parsippany, NJ, USA).
DCs were analyzed at a farm in Pyeongchang, Republic of Korea, and were reared

individually in a calf hutch after birth. The calves were fed milk (2 L) twice daily (08:00
and 15:00) and the concentrate-only diet was provided ad libitum. After one month in the
hutches, calves were reared together with other calves of the same age. Concentrate, hay,
and water were provided ad libitum, and milk was provided twice daily until the calves
reached three months of age. Then, the milk supply was stopped, and only concentrate
and hay were provided.

2.2. Biosensor

The biosensor used in this study (uLikeKorea Co. Inc., Seoul, Republic of Korea) was
equipped with a triaxial accelerometer and a temperature sensor. It had a length of 35 mm,
a diameter of 18 mm, a weight of 31 g, and a specific gravity (SG) of 3.48 (Figure 1). The
biosensor’s center of gravity was located at its bottom. The longitudinal axis of the devices
was considered to be the Z-axis, and the lateral and vertical directions of the long axis were
used as the X and Y axes, respectively. The measuring range of the triaxial acceleration
sensor was from −2 gravity to +2 gravity, and the measuring range of the temperature
sensor was from −10 ◦C to +50 ◦C. Data from the biosensor were obtained at 10 min
intervals and wirelessly transmitted every 30 min to the data receiver installed inside the
farm using a low-power wide-area network. Only the highest vector (V) values for 10 min
were transmitted and stored in the computer. The biosensor was inserted within three
weeks after birth using a specially designed injector (Figure 1). Approximately 2, 3, 4,
and 5 months after the biosensor was inserted, radiology tests were performed on seven
calves (two DCs and five BCs) using a portable diagnostic X-ray unit (VET-20BT. POSKOM,
Gyeonggi-do, Republic of Korea) to identify the location of the biosensor.Animals 2024, 14, x FOR PEER REVIEW 4 of 13 

 

 
Figure 1. The biosensor is equipped with a triaxial accelerometer and a temperature sensor, along 
with its injector for oral administration in calves. A ruler is included for scale. 
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was performed to compare data obtained for 24 h at 10 and 100 days of age. A repeated-
measure one-way analysis of variance followed by Dunnett’s multiple-comparison test 
was performed to investigate any statistically significant differences between the pre-
weaning (average for 5 days before weaning) and post-weaning time points for BCs. Since 
the highest V values for 10 min intervals were transmitted, data from most of the corre-
sponding time points were used. In cases where missing data occurred, they were man-
aged using listwise deletion, and normality was assessed using the Shapiro–Wilk test. All 
study results were analyzed using IBM SPSS Statistics for Windows, version 28 (IBM 
Corp., Armonk, NY, USA), and p < 0.05 was considered statistically significant. 

3. Results 
3.1. Retention and Location of the Biosensor 
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biosensor retention rate of 83%. The biosensors were inserted into the BC and DC at 4 and 
3 days of age and regurgitated at 59 and 32 days of age, respectively. The biosensor was 
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2.3. Acceleration Data Conversion

The root of the sum of squares of the accelerometer values of each axis (X-, Y- and Z)
was measured as the following V value:

V =
√

(X2 + Y2 + Z2) (1)

The V value represents the magnitude of the acceleration applied to the triaxial
acceleration sensor. If the sensor is in a fixed state without any additional force applied, the
value represents gravitational acceleration. We converted the V value to V1 to represent the
extent of change in the V value [14]. V1 is the root of the sum of squares of the differences
between the measurement data of the current time (t) and the measured data of the previous
time (t − 1) for each axis:

V1 =
√

{(Xt − Xt−1)2 + (Yt − Yt−1)2 + (Zt − Zt−1)2} (2)

Since the values displayed on each axis of the accelerometer are greatly affected by
gravity, the change in the position of the biosensor over time is well expressed by V1. To
elucidate the characteristics of each parameter, raw and conversed data were analyzed at
10 (Day 10) and 100 days of age (Day 100) in each BC. Additionally, to confirm the daily
change of data transmitted from each subject, the average daily data were obtained as the
daily V (DV), daily V1 (DV1), and daily reticulum temperature (DRT).

2.4. Statistical Analysis

Changes in the daily data and weaning behavior are expressed as the mean ± standard
deviation (SD). Since the normality test was not passed, a Wilcoxon signed-rank test was
performed to compare data obtained for 24 h at 10 and 100 days of age. A repeated-
measure one-way analysis of variance followed by Dunnett’s multiple-comparison test was
performed to investigate any statistically significant differences between the pre-weaning
(average for 5 days before weaning) and post-weaning time points for BCs. Since the highest
V values for 10 min intervals were transmitted, data from most of the corresponding time
points were used. In cases where missing data occurred, they were managed using listwise
deletion, and normality was assessed using the Shapiro–Wilk test. All study results were
analyzed using IBM SPSS Statistics for Windows, version 28 (IBM Corp., Armonk, NY,
USA), and p < 0.05 was considered statistically significant.

3. Results
3.1. Retention and Location of the Biosensor

Out of the twelve animals, one BC and one DC regurgitated the biosensors, giving a
biosensor retention rate of 83%. The biosensors were inserted into the BC and DC at 4 and
3 days of age and regurgitated at 59 and 32 days of age, respectively. The biosensor was
re-inserted into the DC at 34 days of age and worked normally; however, re-insertion into the
BC was unsuccessful due to a technical error. The remaining subjects (five BCs and five DCs)
retained the biosensor, which functioned normally without any abnormalities. The results of
radiological examination at 3 and 5 months old in DCs (n = 2) and at 2, 3, 4, and 5 months old
in BCs (n = 5) confirmed that the biosensors were located in the reticulorumen (Figure 2).
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Figure 2. Representative images of lateral radiographs of the chest in 62-day-old (left) and 126-day-old
(right) Korean Native beef calves showing the biosensor (white arrow). The images demonstrate that
the biosensor was located in the reticulum and maintained its position throughout the experiment.

3.2. Changes in the Biosensor Data throughout the Day
3.2.1. Representative Triaxial Accelerometer Data in a Beef Calf on Days 10 and 100

Representative raw data for each axis acquired from the triaxial accelerometer in one
beef calf on Days 10 (A) and 100 (B) are shown in Figure 3. Both V and V1 calculated from
the raw data are also presented (C, Day 10; D, Day 100). The raw data for the X, Y, and Z
axes at Day 100 showed significantly greater fluctuations than those at Day 10 (Figure 3A,B).
These fluctuation patterns were also observed in the changes in both V and V1 values at
Day 100 (Figure 3C,D). The maximum V value on Day 10 was greater than that on Day 100,
whereas the V1 value on Day 100 was greater than the maximum value. Between 01:00 and
05:00, a time when calves were least active, the V value was around 900 on Day 10, but it
exceeded 1000 on Day 100.
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3.2.2. Frequency Distribution and Central Tendency Analysis of Accelerometer Data across
Axes and Calculated Metrics on Days 10 and 100

The relative frequency histograms and box plots for each parameter (A, X-axis; B, Y- axis;
C, Z-axis; D, V; E, V1) are presented in Figure 4. On Day 10, the frequency histogram of each
axis is centered around 0, except for on the Z-axis, because of the biosensor’s center of gravity.
On Day 100, the histogram almost disappears at around 0 and shows a bimodal pattern on all
axes (Figure 4A–C, left). The median V and V1 values on Day 100 were significantly (p = 0.003
and p < 0.001, respectively) greater than those on Day 10 (Figure 4D,E, right).

Animals 2024, 14, x FOR PEER REVIEW 7 of 13 
 

 
Figure 4. Relative frequency histogram (left) and box plot (right) showing the accelerometer output 
for each parameter (A): X-axis; (B): Y-axis; (C): Z-axis; (D): V; (E): V1) measured every 10 min for 24 
h for one beef calf (No. 2) on Days 10 and 100 (bin width of the histogram: 100; V: acceleration vector, 
V1: changes in V over time). 

Figure 4. Relative frequency histogram (left) and box plot (right) showing the accelerometer output
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3.2.3. Developmental Changes in Dynamic Metrics and Stress Responses in Beef and Dairy
Calves over Time

Figure 5 shows the changes in the average DV, DV1, and DRT for the five
BCs (Figure 5A) and five DCs (Figure 5B) from 3 weeks to 14 weeks of age. In the DCs,
the DRT was high at 4.5 to 6.5 weeks of age, when the animals were taken from individual
hutches and reared together. In contrast, in the BCs, which were weaned during a similar
period, an increase in body temperature was observed at around 10 weeks. The fluctuations
in DV occurred within a certain range, but the DV1 continued to increase until about 8
weeks of age in both DCs and BCs and then fluctuated within a certain range.
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Figure 5. The daily mean DV, DV1, and DRT values for calves aged 3 to 14 weeks old were recorded
daily for the BC (A) and DC (B) groups (mean ± SD, n = 5 for each A and B). The time from 0:00 to
23:50 was set as the daily standard (V: acceleration vector, V1: changes in V with time, BC: beef calf,
DC: dairy calf, DV: daily V, DV1: daily V1, and DRT: daily reticulum temperature).

3.3. Changes in the Biosensor Data in the Peri-Weaning Period

This experiment was performed only in BCs because it was difficult to specify the
timing of weaning in DCs due to rearing management. To confirm the changes in data
according to the weaning status, we considered the average value for five days before
weaning as pre-weaning and examined the changes in data after weaning for six days.
Statistically significant changes were observed for the DV (p < 0.001), DV1 (p < 0.001), and
DRT (p = 0.03) compared with the respective pre-weaning values. The mean DV, DV1, and
DRT values significantly increased immediately after weaning compared to pre-weaning,
and this trend lasted for 3 days (Figure 6). Thereafter, DV and DV1 levels returned to
pre-weaning levels, but DRT values remained significantly higher.
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after weaning (−5d to +5d). The values represent the mean ± SD. Significant differences between
the pre-weaning values (average from −5d to −1d) and the values for each day after weaning are
indicated as * p < 0.05 (V: acceleration vector, V1: changes in V over time, BC: beef calf, DV: daily V,
DV1: daily V1, and DRT: daily reticulum temperature).

4. Discussion

The early detection of health problems is essential for disease treatment and control in
the livestock industry [13,15,16]. Various ICT devices, such as ear-mounted, neck-collar,
and bolus sensors, have been developed for disease detection [3,4]. Some commercially
available bolus biosensors with temperature sensors and accelerometers have also been
used, albeit only in adult cows. Previous studies confirmed the possibility of carrying out
bovine respiratory disease detection by inserting a bolus body temperature sensor in calves,
but their results were limited to measuring changes in body temperature [17,18]. Thus,
the purpose of this study was to evaluate the feasibility of using a bolus sensor equipped
with a temperature sensor and an accelerometer to assess calf health. After implanting the
biosensor in calves, we successfully monitored its retention and analyzed the transmitted
data to interpret physiological changes and evaluate overall health status.

In this study, out of the twelve calves in which the biosensor was implanted, 16.7%
of calves regurgitated the biosensor. In comparison, a study related to bolus devices for
electronic identification showed a retention rate of 99.7% for boluses manufactured with
ceramic materials with an SG of over 3.3 [19]. The results of other studies suggest that
a bolus with a minimum SG of 3 or higher is preferred to prevent regurgitation [20,21].
However, according to one study that confirmed the retention rate, an SG of 3 or higher
does not guarantee permanent retention [22]. Using the retention rate equation derived
from a previous study [22], a retention probability of 90% was observed in this study.
Considering the limited number of subjects in this study and the difference in breed, further
validation is required to account for other factors that affect the retention rate prediction in
a larger and more diverse population.

The biosensor was located at the presumed reticulum in all subjects. In contrast, in
a previous study, 91% (970/1068) of boluses were retrieved from the reticulum when a
cylindrical bolus (external diameter, 20 mm; length, 66 mm; weight, 65 g) was inserted in
calves under six weeks of age [19]. In another study, more than 90% of boluses (external
diameter, 15 mm; length, 105 mm; density of 2.45 and 2.75) were found inside the reticula
of slaughtered subjects [21]. However, Antonini et al. showed that when a bolus (external
diameter, 17 mm; length, 67 mm; weight, 51.4 g) was inserted within three days to three
weeks, one was lost, three out of seven were in the reticulum, and four were in the
rumen [23]. Considering the possibility of the presence of the biosensor at a location other
than the reticulum, additional research is needed to determine the retention rate of the
biosensor in the reticulum and the changes in biosensor data at another site.
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The raw data for each axis on Day 10 fluctuated less than those on Day 100
(Figure 3A,B), and a monomodal pattern was observed in the relative frequency histogram
(Figure 4A–C). Because the triaxial accelerometer is greatly affected by gravity, changes
in the posture of the biosensor due to rotation on the longitudinal or transversal axes
significantly affect the acceleration value of each axis. Thus, the monomodal pattern seen
on Day 10 may mean that the biosensor does not have enough space to ensure mobility
or provide sufficient ruminoreticular motility. On the other hand, both median V and
V1 values on Day 100 were significantly higher than those measured on Day 10. These
results indicate that the force applied to the biosensor on Day 10 was greatly influenced
by calf movement since, on Day 10, the reticulum did not have enough space to allow for
the movement or rotation of the biosensor. The size of the calf reticulum on Day 100 was
sufficient, so the biosensor moved or rotated due to the forces applied to the biosensor,
resulting from factors such as calf movement and ruminoreticular contraction. However,
the maximum force directly applied to the biosensor was less than that on Day 10, probably
due to the fluid in the reticulum cushioning the movement of the biosensor. This may also
be the reason for the stable V value within a certain range after this time point.

Ensuring sufficient space for biosensor movement is essential. The results shown in
Figure 5 illustrate the changes in DV, DV1, and DRT. The DV exhibited constant fluctuations
within a certain range in both BCs and DCs without significant changes, whereas the
DV1 increased over the first eight weeks. Thereafter, the DV1 also exhibited constant
fluctuations in both cow types within a specific range of approximately 1100 to 1300 in
terms of acceleration output. At birth, the reticulorumen, omasum, and abomasum account
for 38, 13, and 49% of a cow’s weight, respectively, and after eight weeks, these proportions
reach 61%, 13%, and 25%. Subsequently, at 12 to 16 weeks, these values are 67, 18, and 18%,
respectively [24]. Although the volume of the reticulorumen itself continues to expand as it
grows, the DV1 value shown in Figure 5A,B remains at a constant level, which provides
evidence that there is sufficient space for biosensor movement at eight weeks in BCs and
eleven weeks in DCs. The increase in V1 values in both BC and DC due to the increase
in reticulum volume shows a trend similar to the increase in rumen fill and sound, an
indicator used in physical examinations to evaluate rumen development [25].

In South Korea, weaning usually occurs at approximately three months of age in beef
calves, and it is a stressful period for animals as it is carried out before the natural weaning
age, with an apparent distress response persisting for several days [26–28]. In previous
research, after abrupt separation from the mother, calves vocalized at 41.9 calls/h for three
days post-weaning, and their step count increased more than three times immediately after
weaning compared to the day before weaning before returning to pre-weaning values on
day three [26]. Similarly, in this study, the DV and DV1 values returned to their pre-weaning
levels on day three after weaning. It is difficult to accurately determine whether the high
DV and DV1 after weaning reflect the movement of internal organs due to vocalization or
the increased external activity after weaning. Further research is necessary to understand
the biosensor data derived from external activity. However, it was confirmed that DV
and DV1 are indicative of the stressful and rapidly changing state in the weaning process.
Additionally, the daily intake of milk or milk replacer is another key factor influencing
the development of the digestive tract in lactating calves. In this study, calves were fed
2 L of milk twice daily, with ad libitum access to concentrates. However, the debate over
the optimal amount of milk for calf consumption remains unresolved [29]. Future studies
should evaluate the effects of different milk intake levels on ruminal development to better
understand the relationship between milk consumption and digestive tract maturation.

Weaning was confirmed not only with the data from the triaxial accelerometer but
also with the reticular temperature change. There was an increase in DRT immediately
after weaning compared to pre-weaning, and this value remained significantly elevated
for a few days. Similarly, in other studies, rectal temperature measurements revealed
that the body temperature increased after weaning [27,30]. However, this measurement
method has limitations due to difficulties in the sampling process compared to temperature
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measurement using a biosensor inserted in the forestomach [31,32]. Although rectal and ru-
men temperatures differ, various studies have confirmed a moderate-to-strong association
between the two [32–35]. To the current authors’ knowledge, no study has investigated the
precise changes in a calf’s reticular temperature during abrupt weaning when measured
continuously every 10 min. The rapid increase in DRT observed after weaning is believed to
be mainly caused by changes in behavior and stress immediately after weaning [26,36,37].
Additionally, it has been confirmed that the concentrations of stress hormones and carbo-
hydrate metabolites increase after weaning [27,30,38]. Changes in behavior and stress can
increase the heart rate and body temperature, and an increase in body temperature due to
stress has been confirmed in several other animals [38–40]. Another possible reason for the
alterations in the DRT may be due to changes in feeding immediately after weaning [41].
The forestomach temperature is correlated with the heat of fermentation in the rumen and
is achieved through complex interactions involving changes in the core temperature [42].
In calves reared separately from birth, a rapid increase in the intake of concentrate feed
was confirmed immediately after weaning [41]. Thus, the primary reasons for the increase
in DRT after weaning may be stress or behavior changes due to weaning. This is beneficial
for understanding the changes in the health or physiological conditions of the calves.

In terms of study limitations, there is a limit to the biosensor volume that can be
applied to young individuals to reduce the loss of the biosensor and prevent the need for
re-insertion, and it is difficult to control the SG of the biosensor comprising the triaxial
accelerometer, body temperature sensor, and battery within this restricted volume. These
constraints can impact the retention and performance of the biosensor. Therefore, further
studies are needed to explore how to effectively measure physical activity using sensors
under these limited conditions and how data from biosensors can be used to infer patho-
logical conditions in calves. Addressing these limitations and considering other factors
affecting biosensor retention and data accuracy in a larger and more diverse population
will be crucial to fully realizing the potential of this technology in calf health monitoring.

5. Conclusions

This study evaluated the feasibility of the application of a newly developed calf
biosensor equipped with three-axis acceleration and temperature sensors. The biosensor
exhibited an acceptable retention rate in the reticulum. The data transmitted from the
sensor provided useful information for interpreting physiological changes in healthy calves,
and changes before and after weaning were also significant. These findings suggest that
biosensors can provide valuable insights into calf health. Further studies are needed to
determine whether data from biosensors are beneficial for inferring pathological conditions
in calves.
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