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Part |: the e-Synch system

and cow responses
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Sibley School of Mechanical and Aerospace Engineering, Cornell University, Ithaca, NY, United
States, 2Department of Animal Science, Cornell University, Ithaca, NY, United States, *Department of
Veterinary Medicine, Universidade Federal Rural de Pernambuco, Recife, Brazil

The objective of this manuscript was to present the e-Synch system, integrating
an intravaginal electronically controlled hormone delivery and sensing device
with an loT platform for remote programming and monitoring. Secondary
objectives were to demonstrate system functionality and cow responses to e-
Synch. External components of e-Synch include a 3D-printed case with
retention wings, a flexible wideband antenna, and silicone membrane for
pressure balancing. Internal components include a central control board,
battery, wireless charging coil, and two silicone hormone reservoirs connected
to individual peristaltic pumps. An accelerometer and a high-accuracy
temperature sensor are integrated in the custom printed circuit board (PCB).
The loT platform includes a gateway consisting of Raspberry Pl 3 and a CC1352
radiofrequency module that collects sensor data at 915 mHz. Data is transferred
to the Google Cloud utilizing the 10T Core service through TCP/IP, and then is
pulled by the Pub/Sub service. After routing to a BigQuery table by the Dataflow
service, data visualization is provided by Data Studio. Drug delivery protocols are
selected using an |OS device app that connects to e-Synch through Bluetooth.
Experiments with lactating Holsteins cows were conducted to demonstrate
proof-of-concept system functionality and evaluate cow responses. Despite
unstable communication and signal discontinuity because of signal strength
attenuation by body tissue, devices (h=6) communicated with the IoT platform in
89% (24/27) of use instances. Temperature and accelerometer data were
received for at least one 15 min period during an 8 h insertion period from all
devices that communicated with the loT platform. Variation in accelerometer
data (+ 8.565 m/s?) was consistent with cow activity during experimentation and
mean vaginal temperature of 39.1 °C (range 38.6 to 39.5 °C) demonstrated
sensor functionality. Hormone release was confirmed in all instances of device
use except for one. Cow behavior evaluated through signs of discomfort and
pain, and tail raising scores was mostly unaltered by e-Synch. Vaginal integrity
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and mucus scores also remained unaltered during and after device insertion. In
conclusion, the e-Synch device integrated with a controlling app and loT
platform might be used to automate intravaginal hormone delivery and sensing
for controlling the estrous cycle of cattle.

KEYWORDS

estrous cycle control, sensors, internet of things, cow, device

1 Introduction

Artificial insemination (AI) with semen of superior genetic
merit bulls and embryo transfer (ET) are used to accelerate
genetic gain and achieve optimal reproductive performance of
dairy and beef cattle herds. Cows and heifers receive AI or ET at
detected estrus or at a fixed time without detection of estrus. The
latter is accomplished after manipulation of the estrous cycle with a
sequence of reproductive hormone treatments known as
synchronization of ovulation protocols (De Rensis and Peters,
1999; Wiltbank and Pursley, 2014). Timed AI (TAI) and timed
ET (TET) are widely used because there is no need to detect estrus,
which can be challenging for both dairy and beef operations. In
addition, days to insemination and ET are fully controlled (Pursley
etal, 1995; Pursley et al., 1997), and labor for hormonal treatments
and AI or ET can be organized for specific days of the week.
Moreover, compared with AI and ET at detected estrus, TAI and
TET after protocols that optimize the reproductive endocrine
environment and improve synchrony of ovulation can also
enhance fertility (Souza et al., 2008; Giordano et al., 2012; Santos
et al, 2017). A drawback of implementing synchronization of
ovulation protocols is the need to inject cows with multiple
hormone treatments in a specific sequence and dose over a period
of days or weeks. For many farms, implementing these protocols in
a systematic manner is labor intensive, repetitive, prone to errors,
and disruptive of cow routines. Multiple injections can also increase
the risk of damage to muscle and other tissues (Fajt et al., 2011;
Pfeiffer et al., 2018).

Advances in engineering technology and Internet of Things
(IoT), coupled with a better understanding of animal biology
through sensing, are facilitating the development of digital
tools for improving livestock monitoring and management
(Berckmans, 2017; Halachmi et al., 2019; Unold et al., 2020).
For example, implantable electronic devices designed to automate
control of the estrous cycle could help eliminate injections with
hormonal treatments for synchronization of ovulation, which
would reduce cow discomfort (Cross et al., 2004; Masello et al.,
2020). Providing full control of hormone release with an
implantable electronic device could help reduce labor needs,
disruption of cow routines, reproductive management costs, and
enable ovulation synchronization protocol optimization through
unrestrained hormone release. Despite the potential benefits of
automated control of the estrous cycle with electronic hormone
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delivery and sensing devices, only a few have been developed and
demonstrated. For example, the drug release and monitoring unit
(DMU) consisted of a single 40 mL hormone reservoir with a drug
delivery mechanism that included a piston actuated by a gas cell
operated by a microcontroller (Cross et al., 2004). Temperature,
activity, light, and pressure sensors were integrated for remote
control and animal monitoring. Although limited data is currently
available about this device, a few in vivo feasibility studies with a
limited number of cows demonstrated controlled fluid delivery,
external control through a wireless link, and basic sensing
capabilities. Our group previously reported the development of
the e-Synch device for automated control of the estrous cycle of
cattle through intravaginal delivery of reproductive hormones
(Masello et al., 2020). The first generation e-Synch was designed
to accomplish automated hormone delivery only (Masello et al,
2020). Neither remote control nor communication for enabling
device remote programming, control, and monitoring were
possible. Moreover, the device had no sensing capabilities which
could be used for improving functionality of the system through
device and animal monitoring.

Therefore, our objective was to develop a second generation e-
Synch system integrating hormone delivery and sensing with
remote programming and communication through an IoT
platform. Herein, this manuscript describes the second generation
e-Synch system and demonstrated in vivo functionality of the
hormone delivery device and associated IoT platform under farm
conditions. Our secondary objective was to characterize behavioral
and physiological responses after e-Synch insertion because there is
limited data about effects of device insertion and retention on cow
behavioral responses and integrity of the vaginal mucosa.
Implementation and evaluation of in vivo automated hormone
delivery was also evaluated but is presented in a companion
manuscript (Ren et al., 2023).

2 Methods

A conceptual framework of the proposed e-Synch system is
shown in Figure 1. The e-synch device with drug delivery and
sensing capabilities is controlled by a smartphone or smart device
application (app) through Bluetooth communication. The app
allows the user to select pre-established synchronization of
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FIGURE 1

Conceptual framework of the proposed e-Synch system. The e-synch device with drug delivery and sensing capabilities is controlled and monitored
by a smartphone or smart device IOS application (app) through Bluetooth communication. The app allows the user to select pre-established
synchronization of ovulation protocols or customize a protocol. Once programmed to schedule hormone release, activated, and inserted in the cow
vagina, hormones are released according to the selected protocol or customized sequence and hormone quantity selected by the user. Sensor
information is sent through 915 MHz RF to the gateway connected to Raspberry Pl 3 through a UART connection. The gateway uploads all
information to the Google Cloud utilizing the IoT Core service through TCP/IP. Data published to the loT core are pulled by the Pub/Sub service,
which is routed to the BigQuery table by the Dataflow service. Data Studio utilizes the BigQuery table for visualization. Data on the server is used by
the application end for device monitoring and data visualization.

ovulation protocols or customize a protocol by setting the type,

2.1 Device design

dose, and time of hormone release. Once programmed to schedule

hormone release, activated, and inserted in the vagina, hormones
are released according to the selected protocol or a customized
sequence and hormone quantity selected by the user.
Concomitantly, sensor data is broadcasted towards a gateway that
uploads data to a cloud server. Data on the server is used by the
application end for device monitoring and data visualization. The
user controls and monitors the system through the app.

2.1.1 Hardware

The current e-Synch design consists of an outer case (2.8 x 3.4 x
11 cm) 3D-printed with polypropylene filament for reduced weight
(122 g) and two double Nylon wings (each of 6 x 1 cm) attached to
the top as a retention mechanism (Figure 2). A flexible silicone
membrane (2 x 1.5 x 2.5 cm) is sealed at the bottom for pressure
balancing during drug delivery. A power switch and a flexible

Power switch

Pumps

Wireless charging coil

Pressure balancing membrane

FIGURE 2

3D model (left) of the e-Synch device and its components and fully assembled e-Synch device (right). e-Synch consists of an outer case 3D-printed,
with two double Nylon wings for retention, and a flexible silicone membrane at the bottom for pressure balancing during drug delivery. A power
switch and flexible wideband antenna are placed on the side. Internal components include a central control board and two silicone hormone
reservoirs with ~5 mL capacity connected to individual peristaltic pumps through a Luer lock connection. Polyethylene elbows with hose barb are
connected to each peristaltic pump and placed onto one of the laterals of the device. A Lipo battery is sealed inside the case to provide power. A Qi
wireless charging coil with a receiver module is attached to the external side of the device to serve as a power input for the micro-Lipo charger

through a sealed hole.

Frontiers in Animal Science

—

Retention mechanism

Battery

Control board
Antenna

Hose barb
(fluid release)

Hormone reservoirs

frontiersin.org


https://doi.org/10.3389/fanim.2023.1093851
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Ren et al.

wideband antenna (MOLEX, Lisle, IL, USA) are placed on the side.
Internal components include a central control board and two
silicone hormone reservoirs with ~5 mL capacity each connected
to individual peristaltic pumps (Takasago Fluidic Systems,
Westborough, MA, USA) through a Luer lock connection. Fluid
release into the vaginal cavity is through 90 degree polyethylene
elbows with 2 mm hose barb connected to each peristaltic pump
and placed onto one of the laterals of the device (Figure 2). An 820
mAh Lipo battery regulated by a micro-Lipo charger (Adafruit,
New York, NY, USA) is sealed inside the case to provide power to
the system. A Qi wireless charging coil with a receiver module is
attached to the external side of the device to serve as a power input
for the micro-Lipo charger through a sealed hole.

A customized e-Synch applicator for device insertion was 3D-
printed with polypropylene filament and coated with Dragon Skin
FX-pro (Smooth-on Inc., Macungie, PA, USA). The device is
inserted into the applicator with its retention wings folded.

2.1.2 Communication, drug delivery and sensing

A central control board with a CC1352R core enables low-power
concurrent multiprotocol wireless communication and includes an
autonomous ultra-low power sensor controller central processing
unit (CPU). Through Bluetooth 5.2 Low Energy (BLE), the control
board is programmed to receive commands that establish drug
delivery protocols, including number of drug release events from a
reservoir, release event duration, and the interval between release
events. Controlled release is accomplished with peristaltic pumps for
accurate flow control and leakage avoidance. The microcontroller
controls the peristaltic pumps through N-type metal oxide
semiconductor (NMOS) drivers controlled by the general-purpose
input/output (GPIO). In previous work from our group, we
demonstrated a constant rate dispensing profile using saline
solution in vitro (Masello et al,, 2020), which enables controlling
the amount of fluid released through the amount of time that pumps
are activated. The flexible silicone membrane sealed at the bottom of
the device enables drug delivery from the flexible silicone reservoirs
by adjusting the pressure change caused by the collapse of the
hormone reservoirs as fluid is dispensed and by the temperature
change exerted by body temperature. The board also broadcasts
sensor data through 915 MHz RF and Bluetooth. Sensors included
are an ADXL362 accelerometer with sensitivity of 2 mg in the 4g
range and less than 2 uA power consumption, and a high-accuracy (+
0.1°C) and low power consumption (3.5 pA with 1 Hz conversion
cycle) TMP117 temperature sensor. Both sensors are connected and
monitored through a Sensor Controller Engine, which is a power-
optimized CPU to perform sensing tasks autonomously. Acceleration
and temperature data generated are logged and sent to the system
CPU. Once received by the system CPU, the device and sensor
information are sent in a 915 MHz RF packet and received by the
external gateway. BLE5 and Sub-1G communication are managed
concurrently by a Dynamic Multi-protocol manager.

2.1.3 Waterproofing and safety

To protect electronic components from corrosion and avoid
contamination of the vaginal cavity with chemical residuals (e.g.,
flux, plastics) or soluble metals (e.g., solder, battery), the unit is
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completely sealed and the Lipo battery is encased in epoxy potting.
To avoid sealing and resealing of the PCB circuit between multiple
device uses, the battery is charged through wireless power
transmission using an external wireless coil. The receiver module,
antenna patch, and joint parts are coated with XTC-3D"™. The
whole unit is encased in a skin-safe silicone rubber shell made with
Dragon Skin FX-pro.

2.2 loT platform

Sensor information is sent every second through 915 MHz RF
(WB-DSSS 30 kbps, 2-GFSK, 195 kHz deviation, 8x spreading) to
the gateway, which is made with LPSTK-CC1352R (Texas
Instruments, Dallas, TX, USA) connected to Raspberry PI 3
through an UART connection (Figure 1). The gateway then
uploads all the received information to the Google Cloud utilizing
the ToT Core service through TCP/IP. Data published to the IoT
core are pulled by the Pub/Sub service, which is routed to the
BigQuery table by the Dataflow service. Thereafter, Data Studio
utilizes the BigQuery table for visualization.

Data collected by the current system includes (1) device and
associated animal identification number, programmed drug
delivery protocol, and start time; and (2) real-time sensor
information including x, y, z-axis acceleration, and intravaginal
temperature in degrees Celsius.

2.3 Phone or smart device app

Pre-established and customizable drug delivery protocols can be
selected using a customizable smart IOS device app (Figure 3). Pre-
established protocols include the sequence and timing of hormone
release events for each hormone type [e.g., Prostaglandin F2o
(PGF), GnRH, Progesterone] as well as the amount of hormone
to dispense at each event. These pre-established protocols are
commonly used ovulation synchronization protocols by
commercial cattle operations or protocols published in the
literature. Alternatively, users can use the control App to define a
customized drug delivery protocol including the type, sequence,
timing, and amount of drug to release to accomplish a biological
goal such as synchronization of ovulation. After a drug delivery
protocol is selected or established, the protocol is sent through BLE
to the e-Synch device. The device is then inserted in the cow to
execute drug delivery according to the schedule and perform
sensing tasks.

2.4 Demonstration of loT platform and e-
Synch functionality

To demonstrate the functionality of the e-Synch IoT platform
and the ability of the e-Synch device to release hormones and collect
sensor data in vivo, two experiments with lactating Holstein cows
were conducted. These experiments were also designed to evaluate
cow behavioral and vaginal tissue responses to short-term exposure
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FIGURE 3

IOS app developed for remote control and monitoring of the e-
Synch device. Pre-established and customizable drug delivery
protocols can be selected. Users can use the control App to define
a customized drug delivery protocol including the type, solution
volume, and sequence of drug to release. The app send the
protocol through Bluetooth Low Energy to the e-Synch device

(i.e, < 1 d) to functional e-Synch devices. A detailed description of
experimental procedures, hormone release, and effects of hormone
release are presented in a companion manuscript (Ren et al., 2023).

All procedures performed with cows were approved by the
Animal Care and Use Committee of Cornell University (Ithaca, NY,
USA) under protocols 2016-0093 and 2021-0010.

Briefly, experiments 1 (Exp 1) and 2 (Exp 2) were conducted
using lactating Holstein cows (n = 20 in Exp 1 and n = 37 in Exp 2)
from the Dairy Unit of the Cornell University Ruminant Center
(Harford, NY, USA). Experiment 1 was conducted from June to July
of 2020 and Exp 2 from January to March of 2022. In both
experiments, the estrous cycle of cows was synchronized using
the sequence of hormonal treatments of a Double-Ovsynch
protocol (Souza et al., 2008; Wiltbank et al., 2015) up to the time
of induction of luteolysis of the Breeding-Ovsynch portion of the
protocol [Pre-Ovsynch: Gonadotropin releasing hormone (GnRH),
7 d later PGF, 3 d later GnRH, 7 d later Breeding-Ovsynch: GnRH,
7 d later PGF, 1 d later PGF]. Cows received all hormonal
treatments of the Double-Ovsynch protocol through
intramuscular (i.m.) injections. All GnRH treatments were 100 ug
of Gonadorelin diacetate tetrahydrate (Cystorelin, Merial Ltd.,
Duluth, GA, USA) and all PGF treatments were 25 mg of
Dinoprost tromethamine (Lutalyse HighCon, Zoetis, Parsippany,
NJ, USA). The estrous cycle was synchronized to replicate the
hormonal environment observed at the time of induction of
ovulation with GnRH before TAI, which is characterized by low
circulating concentrations of progesterone and elevated circulating
concentrations of estradiol (Giordano et al., 2012; Motta et al,
2020). At 48 h after induction of luteolysis with the first PGF
treatment of the Breeding-Ovsynch portion of the protocol, cows
were randomized to the experimental treatments.
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In Exp 1, cows were randomly assigned to a positive control
group (GnRH-IM; n = 6), in which cows received 100 pg of GnRH
through i.m. injection, a negative control group (Placebo-eS; n = 5),
in which cows received an empty e-Synch device as a placebo, or an
e-Synch GnRH group (GnRH-eS; n = 6) in which cows received an
e-Synch device loaded with 2 mL of solution with 100 ug of GnRH
and 10% Citric Acid (CA). Two replicates, with 9 cows in replicate 1
and 8 cows in replicate 2, were required to complete this
experiment, due to the number of devices available. A total of 4
functional and 4 non-functional devices (Dev) were assembled and
used to complete the experiment (number of times used for
functional and non-functional devices: Devl = 2, Dev2 = 1, Dev3
=1, Dev4 = 1).

In Exp 2, cows were randomly assigned to a positive control
group (GnRH-IM; n = 7), in which cows received 100 pg of GnRH
through i.m. injection, or one of four treatments in which cows
received GnRH intravaginally via an e-Synch device. Treatments
administered with e-Synch were 100 pg of GnRH diluted in 2 mL
of solution (LoD-LoV; n = 6), 100 pg of GnRH in 10 mL of
solution (LoD-HiV; n = 7), 1,000 pg of GnRH in 2 mL of solution
(HiD-LoV; n = 7), and 1,000 pug of GnRH in 10 mL of solution
(HiD-HiV; n = 7). All solutions for intravaginal instillation
contained 10% CA. Six replicates, with 5 to 6 cows per replicate,
were required to complete this experiment, due to the number of
devices available. Six fully functional devices were assembled and
used to complete this experiment. All devices were used more than
once (number of times used: Devl = 4, Dev2 = 4, Dev3 = 5, Dev4 =
6, Dev5 = 5, Devé6 = 3).

One day before application of treatments in both experiments,
cows were moved to a tie-stall barn to facilitate device insertion,
cow monitoring, and sampling. Immediately before device
insertion, the vulva and perineal area of cows was cleaned and
disinfected using 2% Chlorhexidine solution (Nolvasan, Fort
Dodge Animal Health, Fort Dodge, IA, USA) diluted in water.
The perineal area was then dried off with paper towels. Individual
devices were turned on and functionality evaluated. Devices were
mounted in the front portion of the custom-built applicator,
which was rubbed with a thin film of sterile lubricant (Priority
Care, First Priority Inc, Elgin, IL, USA). The applicator containing
the device was inserted into the vagina until the vaginal fornix. At
this point, the applicator was pulled backwards 5 to 10 cm to
enable release of the e-Synch device through pressure on the
applicator rod. Once the device was released, the applicator was
removed. In both experiments, devices remained in the cow for up
to 8 h after insertion.

Each device was programmed to begin releasing the GnRH
solution within five minutes of insertion through a command set
with an IOS app using Bluetooth. At the same time, the gateway was
initiated to initiate sensor data logging. During insertion, the
gateway was placed within the barn approximately 10 m away
from cows to enable communication with devices. To evaluate
signal attenuation by body tissue, impedance of the wideband
antenna was measured (MOLEX, Lisle, IL, USA) before and after
insertion into the vagina of the cow using a portable vector network
analyzer (NanoVNA). Impedance data before and after insertion
was analyzed using a t-test.
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Two days prior to application of treatments, immediately after
device removal, and 7 or 2 d after device removal in Exp 1 and 2,
respectively, vaginoscopy was performed utilizing a speculum and a
source of light to evaluate vaginal integrity as described in Walsh
et al. (2008). A scoring system ranging from 0 to 3 was used
whereby 0 = no visible lesion, 1 = only superficial lesions, and 2 =
visible erosion of the vaginal mucosa. In addition, vaginoscopy was
used to evaluate the presence and appearance of vaginal mucus
using a scale from 0 to 3 as described in Sheldon (2004), whereby
0 = clear, 1 = clear mucus with <50% of white flecks, 2 = >50% of
white flecks and 3 = presence of cream or bloody and fetid pus. In
Exp 2, within approximately 4 h of device insertion, a video of the
vaginal cavity was recorded using a vaginal endoscope (Alpha
Vision, IMV Technologies, France) to visualize the position of e-
Synch devices.

To evaluate behavioral changes associated with device insertion,
cow behavior was evaluated and recorded in both experiments.
General behavior and noticeable signs of pain on visual inspection
were evaluated at 0, 2, 4, 6 and 8 h after device insertion. Recorded
behaviors were general attitude, position of ears, facial expression,
standing posture, limb posture, lying position, miscellaneous
abnormal behavior, and clinical signs as described in de Boyer
des Roches et al. (2017). In Exp 2, a tail position score using a three
point scale (0 = normal tail base position, 1 = tail base inclined
upward but not in straight line, 2 = tail base in a straight line) was
recorded at 0, 2, 2.5, 3, 4, 6 and 8 h after device insertion. The
position of the tail was evaluated when cows were not defecating or
urinating and at least 30 seconds after an episode of defecation or
urination. Data for tail position scores were analyzed with a linear
mixed model fitting a normal distribution using the MIXED
procedure of SAS (version 9.4, SAS Institute Inc., Cary, NC,
USA). The model included time after e-Synch insertion as
fixed effect.

Blood samples for determination of circulating concentrations
of hormones were collected by puncture of caudal blood vessels
using heparinized evacuated tubes (Vacutainer; BD, Franklin Lakes,
NJ) as described in detail in the companion manuscript (Ren et al.,
2023). In both experiments blood was collected at the same
timepoints. Briefly, samples were collected on d -9, -2, 0, and 7
relative to treatment day for estimation of circulating
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concentrations of progesterone (P4) and on the day of treatment
(d0)ato,1,2,2.5, 3,4, 6, and 8 h after application of treatment to
estimate circulating concentrations of LH.

3 Results
3.1 System performance

All devices were successfully initiated on-site in Exp 1 and using
the IOS app through Bluetooth in Exp 2. Release time was set (1,000
or 2,000 seconds depending on volume to release) to ensure that the
content of preloaded reservoirs was completely emptied. The on-
status of all devices was confirmed before insertion, through an LED
indicator, and after insertion, by gateway data logging.

During the insertion period for Exp 2, devices connected
successfully to the IoT platform at least once in 89% (24/27) of
device use instances. The average (+ std dev) signal strength before
insertion was -36.9 + 6.8 dBm, whereas after insertion, the signal
strength was -87.4 + 5.7 dBm. This signal strength reduction
indicated a significant (P < 0.0001) attenuation of the signal by
body tissue equivalent to 50.5 dB (Figure 4A). During insertion,
signal strength fluctuated substantially while the devices were
exposed to the changes of the intravaginal environment and cow
motion (Figure 4B). This resulted in an unstable communication
link and signal discontinuity. A shift of impedance in the operation
from 900 MHz to 930 MHz was observed (Supplementary
Figure 1A) with an average 60 Q shift from before to after
insertion (Supplementary Figure 1B) coupled with a substantial
return loss (Supplementary Figure 1C).

The proportion of instances in which a Dev that communicated
with the IoT platform generated at least 10 datapoints every 15 min
ranged from 0 to 100% [Dev1 = 0% (0/3), Dev2 = 50% (2/4), Dev3 =
75% (3/4), Dev4 = 83% (5/6), Dev5 = 80% (4/5), Dev6 = 100% (2/
2)]. Out of the devices that connected and generated at least 10
datapoints every 15 min, in 67% (16/24) of instances, the device
generated data every 15 min for at least 10 times (i.e., at least ~150
min after insertion). For these instances, the average (+ std dev)
number of data points generated per device was 17.1 + 7.1.
Conversely, for instances in which the device generated fewer
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(A) Signal strength received at the gateway before and after insertion of the device in the vagina. (B) Received signal strength indication (RSSI) during

the insertion period.
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than 10 data points every 15 min, the average (+ std dev) number of
data points generated per device was 7.1 + 1.9. Although the pattern
of missing data points was random, a trend for more missing data
points during the second half of the insertion period was noticeable
on visual inspection of the data. The pattern of vaginal temperature
from 0.5 to 7 h after device insertion for cows (n = 16) with at least
10 datapoints is presented in Figure 5A. The mean and standard
deviation for temperature was 39.1 + 0.2 °C and fluctuated between
38.9 °C observed within 30 min of device insertion to 39.3 °C
observed from 345 to 375 min after insertion. An example of
temperature and accelerometer data collected from an individual
cow from the time before insertion until 420 min after insertion is
presented in Figure 5B. As expected, temperature rose from
ambient temperature levels of 23.6 °C before insertion to body
temperature levels at the 30 min timepoint. Thereafter, mean
temperature was 39.1 °C and ranged from 38.6 to 39.5 °C.
Accelerations fluctuated in all three dimensions within + 8.565
m/s>.

After removal from the vagina, hormone release was confirmed
by evaluating the presence of solution residue in fluid reservoirs.
One device used in Exp 2 (Dev3) did not release any of the hormone
solution. Conversely, all hormone reservoirs in all other devices in
both experiments were completely empty suggesting that all fluid
was released during insertion. Hormone solution release was also
confirmed based on the physiological response observed in both
experiments as described in the companion manuscript (Ren et al.,
2023). This was more evident for cows that received a GnRH dose
and volume of solution that caused an increase in circulating
concentrations of LH above baseline.

3.2 Cow responses

All devices in both experiments remained in situ for the
duration of the observation period. An example of the position of
e-Synch in the vaginal cavity is provided under Supplementary
Videos 1. One device was removed from 1 cow approximately 5 h
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after insertion because the device became visible when the cow was
in a laying position.

In Exp 1, all cows had vaginal integrity and vaginal mucus
scores of 0 at all timepoints, except one cow on the GnRH-eS
treatment which had an e-Synch device inserted and had a vaginal
mucus score of 1 on the day of application of treatment. In Exp 2, all
cows had vaginal integrity scores of 0 at 2 d before and after
application of treatments. Three cows which had an e-Synch device
inserted had a vaginal integrity score of 1 on the day of treatment.
The superficial lesion consisted of mild redness of the vaginal
mucosal floor covering an area of less than 2 by 2 cm. These
lesions were attributed to friction caused by the e-Synch applicator
during device insertion. Similarly, all cows had vaginal mucus score
of 0 at 2 d before and after application of treatments. Only two cows
had a vaginal mucus score of 1 on the day of treatment. One of these
cows was also a cow with a vaginal integrity score of 1.

In both experiments, there were no noticeable abnormal
behaviors at any timepoint. None of the cows presented
noticeable changes for general attitude, ear position, facial
expression, standing posture, limb posture, lying position,
miscellaneous abnormal behaviors, or developed clinical signs for
the duration of the observation period. All behavioral scores were 0
at all timepoints.

In Exp 2, tail position was unaltered throughout the entire
observation period in all cows that received the im. injection of
GnRH. Only one cow in this group had a tail position score of 1 at
6 h after treatment. Conversely, all cows except for one that had an
e-Synch device inserted, had a tail position score of 1 for at least one
timepoint. Because for the control group the tail position score was
0 in all cows at all timepoints (except for 1 cow at 1 timepoint), the
association between tail position score and time was evaluated only
for cows that received an e-Synch device. The dynamic of tail
position score (LSM + SEM) followed a U shape with the highest
score of ~0.8 £ 0.2 arbitrary units (AU) immediately after insertion
at time 0, the lowest score of ~0.1 = 0.7 AU at 6 h after insertion,
and finally, an increase to ~0.6 + 0.2 AU at 8 h after
insertion (Figure 6).

(A) Mean and SD for vaginal temperature recorded by the e-Synch device from 30 to 420 min after insertion in the vagina for cows (n = 16) in
experiment 2 with at least 10 datapoints collected every 15 min. The mean temperature and SD was 39.1 + 0.2 °C and fluctuated between 38.9 °C
observed within 30 min of device insertion to 39.3 °C observed from 345 to 375 min after insertion. (B) Temperature and raw accelerometer data
collected from an individual cow from before until 420 min after e-Synch insertion. Vaginal temperature rose from 23.6 °C before insertion to 38.6
at the 30 min timepoint. Thereafter, temperature ranged from 38.6 to 39.5 °C. Accelerations in the x, y, and z axis fluctuated in all three dimensions

within + 8.565 m/s?.
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4 Discussion

Automating control of the bovine estrous cycle could facilitate
and increase adoption of reproductive technologies such as TAI and
TET in dairy and beef cattle operations. To this end, the e-Synch
system including an electronically-controlled fluid delivery and
sensing device integrated with an IoT platform was developed. e-
Synch was designed to enable automated control of the bovine
estrous cycle through delivery of arbitrary amounts of reproductive
hormones at intervals that synchronize estrus and ovulation. An
integrated phone or smart device app and IoT platform maximizes
ease of use and minimizes operation needs through remote
programming, control, and monitoring. Our in vivo experiments
with dairy cows demonstrated that the current e-Synch system
could be successfully programmed to deliver hormone solutions in a
timely manner. Programmed hormone release was evidenced by the
absence of fluid residue after device disassemble and the temporal
dynamic of LH concentrations for cows that received GnRH in Exp
2 (Ren et al., 2023). Cows that received the high dose of GnRH had
an LH surge of at least similar magnitude and timing than that of
cows that received GnRH by im. injection. Unlike our previous
experiment (Masello et al., 2020) in which the e-Synch device was
programmed by a wired connection, it was now demonstrated for
the first time, that e-Synch can be programmed using the associated
IOS app. A caveat of the current in vivo experiments was that all
devices were loaded with the exact amount of fluid to be released
and all the fluid in the hormone reservoirs was released at once.
Thus, it was not possible to test the ability of the device to release
different amounts of fluid at more than one timepoint. This
capability of the e-Synch system will be tested in future
experiments because most synchronization of ovulation protocols
require at least two treatments with a single hormone.

Wearable sensors attached to body parts or inserted in body
cavities are used widely in the cattle industry to monitor behavioral
and physiological parameters (Stangaferro et al,, 2016; Berckmans,
2017; Halachmi et al,, 2019). Using one or more of these sensor
parameters, the health, reproductive status, feeding, productivity,
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welfare, and location of animals can be monitored automatically
and in real-time. Some systems also offer actionable alerts for
identifying cows in estrus, cows with health disorders, abnormal
behavior, and low productivity (Stangaferro et al., 2016; Schilkowsky
etal, 2021). In Exp 2, it was demonstrated through proof-of-concept
the functionality of the accelerometer and temperature sensor of e-
Synch and the ability to transfer and log sensor data in the IoT
platform. Although accelerometer data was not transformed into
physical activity or cow position data, changes in acceleration for the
X, ¥, and z axis were consistent with the minimal activity and changes
in cow position during the short duration of the experiment. As cows
were housed in a tie-stall barn with limited mobility, changes in
acceleration were expected to be minimal. On the other hand, the
change in temperature observed for individual cows after device
insertion (example in Figure 5) and the mean temperature recorded
when the device was inserted provided proof-of-concept evidence
that the temperature sensor was functional. Indeed, the mean and
variation for vaginal temperature recorded in our experiment agrees
with the pattern of vaginal temperature reported for lactating dairy
cows under thermoneutral conditions (Kendall et al., 2006; Vickers
et al., 2010). A limitation of our current sensor data was lack of
validation as no reference method was used. We only focused on
testing and providing proof-of-concept that the sensors functioned
while inserted in the cow and generated data for logging. In future
experiments, measurements will be validated using established
reference tests.

Sensors were added to the e-Synch system for allowing remote
animal and device monitoring and management. Sensing behavioral
(i.e., activity) and physiological (i.e., temperature) parameters
indicative of device location and cow position could enhance
system functionality and enable tailoring treatments to match
individual animal physiological status and needs (Cross et al,
2004). For example, used alone or in combination, activity and
vaginal temperature data could verify the presence of e-Synch in the
vagina and detect when a device falls to the ground. Prolonged
periods of inactivity combined with a change in temperature larger
than the expected biological variation in body temperature was
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(n=26)
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FIGURE 6

Tail position score from 0O to 8 h after e-Synch device insertion for cows in experiment 2.
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proposed as a method for detection of expulsion of intravaginal
devices during calving in cattle (Pearson et al., 2020). Cow position
data from the accelerometer could be used to prevent backflow from
the vagina by releasing fluid only when cows are standing.
Monitoring physical activity could also be used alone or in
combination with vaginal temperature for detection of estrus
because cows present a substantial increase in physical activity,
mounting behavior, and a rise in vaginal temperature (Zartman
et al.,, 1983; At-Taras and Spahr, 2001; Schilkowsky et al., 2021)
when in estrus. Information about the timing, duration, and
intensity of estrus could be used to tailor synchronization of
ovulation protocols and other hormonal interventions for
individual cows (Cross et al., 2004). For example, cows that
express estrus during a synchronization of ovulation protocol
could be detected with e-Synch and immediately inseminated
before the protocol is completed. Alternatively, cows detected in
estrus could receive hormonal treatments known to increase
fertility. Recently, it has been shown that cows with different
estrous intensity, as determined by accelerometer-based
automated systems for detection of estrus, have different fertility
potential (Tippenhauer et al, 2021; Madureira et al., 2022), and
cows with low estrous intensity treated with GnRH at the time of
insemination had improved fertility (Burnett et al., 2022).

Communication for programming, control, and monitoring is
necessary for optimizing functionality and maximizing the value of
devices for automating animal management and monitoring tasks (Cross
et al, 2004; Berckmans, 2017). We demonstrated the ability of the e-
Synch device to communicate with the controlling app and IoT platform.
Except for the one device in one instance in Exp 2 that failed to release
hormone solution, all other devices were successfully programmed to
release fluid after vaginal insertion. It is unclear what caused the device
failure in Exp 2. Receiving a signal at least once from all devices inserted
in all instances was also evidence of successful communication and
functioning of device and IoT platform components required for
communication. Nevertheless, there was large device-to-device
variation, communication was unstable at times, and the signal from
several devices was interrupted in many instances. Communication over
long distances remains a challenge for implantable devices. Body tissue
tends to dissipate and absorb the energy of the signal carrying the data
and the natural conductivity of the body changes the electrical
performance of an antenna (Wotherspoon and Higgins, 2013). The
impedance shift caused by the body tissue environment also leads to a
return loss and poor communication signal. To enhance communication
and covering distance, a more sensitive antenna at the receiver side is
needed in conjunction with different antenna designs for the e-Synch
device to match the vaginal environment and increase power output for
RF transmission.

Wearable devices for animals must either avoid or minimize
discomfort and alterations of body parts or tissues. In the case of
intravaginal devices, it is critical to avoid causing vaginal discomfort,
disrupting the integrity of the vaginal mucosa, and causing infection
or excessive production of vaginal mucus. In the in vivo experiments,
we did not observe significant cow behavior and tail position changes
during insertion of the e-Synch device. Cow behavior was unaltered
by the presence of the device in the vaginal cavity, as determined by a
detailed cow behavior scoring system including observations of eight
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possible signs of discomfort and pain. Although the e-Synch device
has a different shape and dimensions than other electronic IVG
devices for cattle, our observations agree with the lack of changes in
cow behavior or pain observed after insertion of IVG devices
(Crociati et al,, 2021; Stephen and Norman, 2021). The tail raising
scores dynamic for cows that received an i.m. injection of GnRH
versus those which received an e-Synch device, indicated that device
insertion and removal was accompanied by a minor cow behavioral
change. Average tail raising score values did not reach 1 AU at any
timepoint, and during most of the insertion period remained below
0.5 AU. Of note, the dynamic of tail raising scores for cows that
received a device suggested that the effect might not have been
necessarily associated with discomfort and pain due to the presence
of the device, but rather because of the procedures used for inserting
and removing the device. These procedures included washing of the
perineal area, manual tail rising, insertion of the applicator, and rectal
manipulation of the device at the time of removal. Similarly, a short
period of tail raising has been reported for heifers that received an
electronic IVG device for calving monitoring (Crociati et al., 2021).

Vaginal integrity and mucus scores also remained unaltered, which
demonstrated that insertion of the current version of e-Synch for short
periods of time (~8 h) did not cause macroscopic damage to the vaginal
mucosa or changes to the vaginal mucus indicative of irritation or
infection. Although difficult to quantify, in the current and previous
experiments (Masello et al, 2020) some cows presented increased
mucus production immediately after e-Synch insertion; however, the
mucus produced was clear and not different from that observed in cows
during estrus. Our current observations contrast with our previous
results for an experiment in which approximately half the cows that
received a similar version of the e-Synch device presented vaginal
mucus with small flecks of pus (Masello et al., 2020). Because in our
previous experiment devices remained in the vaginal cavity for two full
days, the most likely reason for the discrepancy between studies was the
duration of device insertion. Collectively, data for cow behavior, tail
raising, and vaginal mucosa integrity and mucus production suggested
that our current e-Synch device does not cause noticeable cow
discomfort and pain and does not cause major alterations to the
vaginal mucosa integrity and function.

Our current in vivo experiments with the e-Synch system had
limitations including short duration, testing the release of a fixed
amount of a single hormone all at once, and no validation and full
integration of sensor data. In addition, the sample size was limited
for evaluation of some outcomes related to cow behavior and
vaginal integrity. This is not unusual in the process of developing
biomedical devices including several components which have the
potential to affect several biological and behavioral aspects of the
target individual and when proof-of-concept is necessary before
device redesign and further refinement. Thus, future research must
be conducted to demonstrate the ability of the e-Synch system to
fully automate control of the estrous cycle and generate actionable
sensor information for animal and device monitoring and
management. Specifically, efforts must focus on evaluating the
effect of longer-term e-Synch insertion (e.g., 210 d) on cow
behavior and vaginal integrity and demonstrate the ability to
deliver different types and amounts of hormones to resemble the
sequence of treatments of synchronization of estrus or ovulation
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protocols. Moreover, communication and sensing must be
improved to ensure seamless control and monitoring of e-Synch
devices while inserted and enable use of sensor data for monitoring
and tailoring treatments to individual animals.

5 Conclusion

A system for automated control and monitoring of the estrous
cycle in cattle was developed and demonstrated. The electronically-
controlled intravaginal delivery and sensing device was fully
integrated with a phone or smart device app and IoT platform. In
vivo studies with dairy cows demonstrated that the e-Synch system
can be programed through the accompanying app to automatically
dispense hormone solution in the vaginal cavity. Communication
capabilities enabled transfer of accelerometer and temperature data
to the IoT platform, which could be used for monitoring device
functionality and optimizing hormone delivery protocols by
tracking animal behavioral and physiological parameters.
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SUPPLEMENTARY FIGURE 1

Smith Chart with impedance shift of wideband antenna before and after
insertion: (A) Plotted in smith chart; (B) Plotted in impedance magnitude (Q);
(C) Plotted in S11 return loss

SUPPLEMENTARY VIDEO 1
Smith Example of the position of e-Synch in the vaginal cavity.
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