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Abstract: Up to 58% of NH3 emissions can be reduced through the use of the urease inhibitor
Atmowell® in cattle farming. Automated manure scraper and drag hose systems should be used to
apply urease inhibitors (UIs) to stable floors. Proof of safe use is also needed. A risk assessment of
the urease inhibitor PPDA was conducted utilising estimated and calculated exposure data along
with established and verified model calculation tools. Risk assessment models can be improved
using measured dermal exposure data. The fluorescent dye pyranine and a Tyvek® collector were
used to measure exposure. Tyvek® was attached to a lifelike cow dummy. Regarding the drag hose
system, two worst-case scenarios were considered: over the cow and passing the cow. Regarding
the robot application system, a 0 m frontal scenario was considered. The over the cow scenario
exhibited the highest dermal exposure, with 1.5 mg of PPDA/cow per application run. The robot
scenario exhibited the smallest amount, with 0.8 mg of PPDA/cow per application run. The risk of
using PPDA was already excluded by model calculation tools in a risk assessment. Compared with
the estimated and calculated dermal exposure values, the measured dermal exposure levels were
reduced by a factor of two to six.

Keywords: dermal exposures; pyranine; ammonia emissions; urease inhibitor; risk assessment; cattle
farming; collector; Tyvek®

1. Introduction

In total, 95% of ammonia emissions in Germany result from agriculture, and excessive
ammonia (NH3) is emitted into the environment [1]. These emissions result mainly from
animal husbandry, especially manure management [2,3]. Ammonia and ammonium pro-
duced after conversion cause considerable damage to terrestrial and aquatic ecosystems
through acidification and eutrophication (nutrient enrichment) [1]. Human health and
animal health are also harmed by ammonia emissions [4]. As a result, Germany signed
Directive 2016/2284 to reduce ammonia emissions by 5% every year from 2020 to 2029 and
by 29% beginning in 2030 to protect the environment and both human and animal health
from additional harm caused by NH3 emissions [5]. Adding urease inhibitors to floors
where faeces and urine meet can significantly reduce ammonia volatilisation [6–9]. The
application of a urease inhibitor with an automatic backpack sprayer placed on a rollator
led to significant reductions of up to 58% in investigations of two naturally ventilated
dairy barns [6]. To implement Atmowell® in cattle barns, different application techniques
(e.g., robotic manure scrapers and drag hose systems) can be used to automate the applica-
tion of a urease inhibitor (UI) on a stable floor. There is no practical use for urease inhibitors
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in animal husbandry. Proof of safe use is also needed to rule out a possible risk resulting
from UI use for animals and humans. Therefore, dermal exposure data are needed. To
estimate exposure to plant protection products, different risk assessment models can be
used, although they are usually based on very conservative data. The external exposure of
farm animals to biocidal active substances can be evaluated accordingly via the use of the
BfR calculation tool [10]. However, the specific use of a given UI using the abovementioned
application techniques is not considered here. To represent reality more accurately and
improve risk assessment models, measured exposure data can be used [10]. Measurement
of potential dermal exposure is a key component of pesticide risk assessment [11]. To mea-
sure drift as well as dermal and inhalation exposure levels for agricultural risk assessment,
fluorometry represents a suitable methodological approach. In this process, plant protection
products (PPPs) can be replaced by a fluorescent dye, after which the adopted collectors
are washed off. A fluorometer can be used to measure dye concentrations [12,13], which
can be converted into PPP quantities. In [14,15], dermal exposure to pyranine dye was
reported for mannequins dressed in Tyvek® coveralls. Tyvek® also had promising results
in laboratory studies [16] combined with the fluorescent dye pyranine, as it exhibited a high
recovery rate, suitable storability, and low degradation under the influence of UV radiation.
Another advantage is that Tyvek® comes in various sizes, which allows for attachment to
larger bodies.

Pyranine 120% (TER Chemicals) has been used for several years at the Julius Kühn
Institute (JKI) as a standard method for measuring direct pesticide drift in the field when
assessing plant protection devices (Julius Kühn-Institut) [17]. This dye has a low detection
limit [18], is water soluble, and can be removed from a variety of surfaces, particularly
plastic surfaces. This process is characterised by a high recovery rate on artificial targets,
Petri dishes, and paper patches [13]. In addition, it was found that the drift behaviour of a
mixture of pyranine + Atmowell® did not differ from that of a pure pyranine solution. In
these studies, the Atmowell® solution was substituted with a pyranine solution without
significant effects on the exposure measurement results [19]. The use of pyranine combined
with Tyvek® as a collector is an effective methodological approach for detecting the dermal
exposure of lifelike cow dummies. This paper aimed to methodically answer the following
research questions:

- Is using Tyvek® in combination with pyranine a reproducible method for detecting
dermal exposure on a lifelike cow dummy?

- Is Tyvek® suitable for recording/quantifying dermal exposure with different applica-
tion techniques and exposure levels?

- How should the measured dermal exposure be assessed in terms of risk?

2. Materials and Methods

Several experimental trials were conducted to develop methods for measuring dermal
exposure involving a lifelike cow dummy. First, animal behaviour studies were performed
under practical conditions to obtain an overview of the possible worst-case scenarios
involving the drag hose system. Afterwards, with the help of video analysis, the maximum
possible exposure in a worst-case scenario of the drag hose system was first calculated
using the number of nozzles, the flow rate, and the duration of contact with the lifelike
cow dummy. Finally, dermal exposures were measured on a lifelike cow dummy under
practical conditions using different worst-case scenarios. All methods and their associated
materials are explained in detail below.

2.1. Application Techniques

Different application techniques were considered depending on the experimental trial.
The following application techniques were used:
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2.1.1. Drag Hose System

Five metal drag hoses were fixed to a spray bar on the ceiling with a spacing of
50 cm. There were nozzles directed downwards at the end of each drag hose (Figure 1a).
The target distance from the ground was 90 cm. The spray liquid was sprayed at a constant
pressure of 2 bar and a speed of 1 km/h (Table 1). This technique was used in all the
experimental trials.
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Figure 1. Drag hose system (a) in the experimental environment of Stable A. Robot dummy (b). The
orange circles indicate the nozzles. A is the distance between the nozzles of the drag hose system
(50 cm); B is the distance from the nozzle of the drag hose system to the ground (90 cm); C is the
distance between the nozzles of the robot dummy (91 cm); D is the distance from the centre nozzle
of the robot dummy to the ground (28 cm); and E is the distance from the outer nozzle of the robot
dummy to the ground (20 cm).

Table 1. Parameter settings of the application techniques of the drag hose system and robot dummy.

Drag Hose System Robot Dummy

Nozzle Type AirMix 110-25 AirMix 110-04 OC AirMix 110-01 AirMix 110-015

number of nozzles 3 2 2 1

distance from the floor [cm] 90 20 28

flow rate per nozzle [L/min] 0.82 1.3 0.4 0.6

distance between the nozzles [cm] 50 91

speed [km/h] 1 0.24

pressure [bar] 2 3
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2.1.2. Robot Dummy

A manure removal robot was pulled over the stable floor by a rail system in later
practical applications. However, in the exposure measurements, a robot dummy (con-
structed by Kiel University, Kiel, Germany) was used for easy handling. The robot dummy
entailed the use of the same parameter settings as those of the prototype in the practical
applications (Table 1). The spray liquid was sprayed onto the ground at a pressure of
3 bar using an AirMix 110-01 nozzle at the edges (20 cm target area distance) and an AirMix
110-015 nozzle at the centre (with a target area distance of 28 cm). The nozzles were angled
forwards at approximately 80◦. The three nozzles exhibited a spacing of 91 cm. The robot
was operated at a speed of 0.24 km/h. Table 1 provides all the parameter settings of the two
application techniques. In contrast to the drag hose system, this technique was only used
in the practical trials for measuring dermal exposure on lifelike cow dummies (Figure 1b).

2.2. Worst-Case Scenarios

Different scenarios were considered depending on the experiments. For exposure
estimation via video analysis, the focus was on the over the cow scenario. This scenario,
as well as the passing the cow scenario with the drag hose application technique, was
considered in previous animal behaviour studies. During the exposure measurements, the
0 m frontal scenario of the robot dummy application technique was also considered. All
three scenarios were chosen as examples of the maximum dermal exposure and could be
considered worst-case scenarios:

• Over the cow scenario (Figure 2a): A lifelike cow dummy/real cow was placed/
positioned transverse to the direction of travel of the application unit. The drag hoses
were run over the lifelike cow dummy/real cow. This represented the maximum
exposure with this application technique.

• Passing the cow scenario (Figure 2b): A lifelike cow dummy/real cow was positioned
lengthwise next to the application unit. The drag hoses were pulled past the cow. In
contrast to the over the cow scenario, no exposure on the back of the cow dummy/real
cow occurred.

• The 0 m frontal scenario (Figure 2c): A lifelike cow dummy was positioned transverse
to the direction of travel of the application unit. The robot dummy moved until it was
directly in front of the lifelike cow dummy’s legs. This scenario was considered to
determine the maximum exposure with this application technique.

2.3. Lifelike Animal Behaviour

Behavioural tests were conducted with real animals to determine how frequently
the worst-case scenarios, i.e., over the cow and passing the cow, could occur during an
application run with the drag hose system. For this purpose, the drag hose system was
installed in a cubicle housing system (Stable A) (Table 2). Two cameras were arranged
in the test group at various positions (Appendix A Figure A1) to monitor animal activity
while the application was carried out for 77 days. The application system was run once per
day at a pace of 1 km/h (early morning hours (03:45 am)). In the video recordings, direct
interactions with animals were counted and categorised according to the over the cow and
passing the cow worst-case scenarios in terms of frequency considering the total number
of cows.

2.4. Lifelike Cow Dummy

A lifelike cow dummy (Figurenhalle, Enger, Germany) made of synthetic resin was
used to estimate dermal exposure via video analysis and exposure measurements in the
practical trials. The dummy had an easily washable surface, making it ideal for our
experiments with pyranine dye, which was applied in the practical trials. The manufacturer
specified the dimensions of the lifelike cow dummy as a length and height of approximately
210 and 150 cm, respectively. Additionally, the surface area of the lifelike cow dummy
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was measured using a laser scanner at the National Metrology Institute (PTB), yielding a
surface area of 5.43 m2.
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Figure 2. (a) Lifelike cow dummy in combination with the drag hose system in the over the cow 
scenario. (b) Lifelike cow dummy in combination with the application technique in the passing the 
cow scenario. (c) Lifelike cow dummy in combination with the application technique in the 0 m 
frontal scenario. 
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Figure 2. (a) Lifelike cow dummy in combination with the drag hose system in the over the cow
scenario. (b) Lifelike cow dummy in combination with the application technique in the passing the
cow scenario. (c) Lifelike cow dummy in combination with the application technique in the 0 m
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2.5. Estimation of Dermal Exposure—Video Analysis

The over the cow worst-case scenario was recorded with a camera to estimate the
maximum dermal exposure level. The tests were performed under controlled conditions
at the testing facility of the Institute of Agricultural Engineering at Kiel University, where
the drag hose system was installed (Table 2). The lifelike cow dummy was oriented in
the same way as in the later practical trials for this scenario (Figure 2a). The maximum
volume of liquid that could be applied using the specified application rate of the nozzles
(Table 1) was calculated using the number of nozzles and the duration of contact with the
lifelike cow dummy. For simpler estimation, two situations in the over the cow scenario
were considered separately. The video recorded for this purpose can be found at the
following link: https://www.openagrar.de/receive/openagrar_mods_00091411 (accessed
on 2 February 2024) [20]. On the one hand, the situation of nozzles meeting cows was
observed (recording time: 2 to 4 s), while on the other hand, the situation of drag hoses

https://www.openagrar.de/receive/openagrar_mods_00091411
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pulled over cows also occurred (recording time: 5 to 10 s). The resulting maximum possible
amount of liquid could then be converted into the amount of PPDA (mg) and the dermal
systemic exposure dose (SED). These calculations are described below.

Table 2. Overview of the experimental environments and associated investigation parameters for
real cows and lifelike cow dummies. * Mean value for cattle over 77 days of video recording.

Experiment Animal Behaviour (Video
Analysis) Exposure Measurement Exposure Estimation

(Video Analysis)

experimental environment Stable A Stable A testing facility with
controlled conditions

cubicle housing system cubicle housing system

animals (n) cattle (22 *) lifelike cow dummy (1) lifelike cow dummy (1)

investigation parameters
frequency of contact between

animals and
application technology

exposure measurement for the
worst-case scenarios

exposure estimation for the
worst-case scenarios

application technique drag hose system drag hose system and
robot dummy drag hose system

considered scenarios over the cow; passing the cow over the cow; passing the cow;
0 m frontal over the cow

2.6. Trials under Practical Conditions
2.6.1. Pyranine Properties

Pyranine 120% (TER Chemicals) is a highly water-soluble yellow-green sodium salt
powder. It has been used for several years as a tracer in nozzle and drift tests at the JKI
due to its high fluorescence. Pyranine can be employed instead of a urease inhibitor. All
exposure measurements in this study were performed at a concentration of 1 g/L.

2.6.2. Tyvek®

In this work, Tyvek® was used as a collector and was attached to a lifelike cow dummy.
It consists of polyethylene and is available from its manufacturer (DuPont, Wilmington,
DE, USA) in various sizes and shapes (coveralls and tarps). Tyvek® sheets were cut to the
same dimensions as the lifelike cow dummy in this research. The segments were adapted
according to the related scenario and expected exposure (Figure 3a–c).

2.6.3. Collector (Tyvek®) Cutting Patterns Depending on the Application Scenarios

Figure 3a–c show the Tyvek® cutting patterns for the three scenarios. The over the
cow scenario showed the highest Tyvek® coverage of the model’s surface area. The robot
dummy scenario required the smallest amount of Tyvek®, as only the feet and legs were
exposed. The Tyvek® cutting patterns for the legs, udders, and feet were the same in all
the scenarios. A slight difference existed between the two trial periods for the different
scenarios. Additional foot patches were attached to the cow’s hooves in the practical
experiment in August to improve the method after the first field trial in May.

The Tyvek® sheets used for the different exposure measurements were attached to the
lifelike cow dummy using double-sided adhesive tape and/or staples. Table 3 provides the
surface area covered with Tyvek® in each scenario.

2.6.4. Measuring Dermal Exposure

Dermal exposure was measured under practical conditions in the cubicle housing
system in Stable A (Table 2). The drag hose system was installed above the stable floor.
The robot dummy was mobile. Both application techniques could be used along the entire
length of the stable floor (Appendix A Figure A1). All measurements were carried out
using both application techniques (drag hose system and robot dummy), and the parameter
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settings are listed in Table 1. Two field trials were conducted in 2022 during separate
seasons (May and August). In both trials, the worst-case scenarios suggested above were
examined. In May, each scenario was repeated seven times, and in August, each scenario
was repeated five times. The application distance of the drag hose system was 5 m from
the stable floor, and the cow was placed 3 m from the starting point in both scenarios. The
robot could spray a total distance of 3 m, with the lifelike cow dummy placed at the end of
the application distance (Appendix A Figure A1).
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Table 3. For all the scenarios and corresponding application techniques, the area covered by Tyvek®

is given in cm², as is its ratio to the area of the lifelike cow dummy (%). For the experiments in May
2022 without foot patches and in August 2022 with foot patches, the repetitions performed for each
scenario and date are also given [n].

Scenario Date Application
Technique

Surface
Area of
Model
[cm²]

Surface Area
Covered with
Tyvek® [cm²]

Covered
Surface as
[%] of the

Total Surface
Area of the

Model

Covered
Surface

as [%] of
the Torso

Covered
Surface
as [%] of
the Legs

Covered
Surface

as [%] of
the Udder

[n]

over the
cow

May Drag hose 54,293
40,785 75 70 24 6 7

August 41,805 77 68 26 6 5

passing
the cow

May Drag hose 54,293
30,344 56 60 32 8 7

August 31,364 58 58 34 8 5

0 m
frontal

May Robot
dummy 54,293

12,285 23 0 80 20 7
August 13,305 25 0 82 18 5

2.6.5. Sample Handling and Analysis

For better sample handling during laboratory analysis, the upper body sheets were
cut into smaller pieces in both drag hose scenarios (Figure 3a–b) after each application run.
The leg, udder, and feet cuttings were removed directly from the lifelike cow dummy. All
samples were stored in plastic bags and protected from light until analysis. After each
application, the lifelike cow dummy was completely washed and dried to minimise the risk
of cross-contamination. On the analysis day, plastic bags were filled with 1.5 L of deionised
water and shaken for two minutes by hand. Subsequently, the material was left to rest for
10 min to ensure complete soaking. Then, 40 mL of the solution was collected and analysed
using a fluorometer. A fluorometer (Shimadzu RF-6000, Shimadzu, Duisburg, Germany)
was used to excite the samples at a wavelength of 405 nm for all sample treatments, and the
emitted fluorescence was monitored at a wavelength of 515 nm. The correlation between
the dye concentration and the fluorescence intensity was linear over the entire concentration
range investigated [13]. The concentration (µg/L) was used as a reference.

2.7. Data Analysis

All data were analysed using MS Excel. Graphics and tables were also created in
Microsoft Excel (2016). When assessing the exposure of users, workers, and bystanders to
PPPs, the 95th percentile was used [21]. These guidelines were also applied to the data
collected in this study in Microsoft Excel (2016). The dermal SED value was then calculated
with Equation (1) using the 95th percentile as the baseline.

2.8. Calculation of the Amount of Applied PPDA and the Dermal Systemic Exposure Dose (SED)

To answer the last research question mentioned above, different established ap-
proaches and verified model calculation tools, such as (a) estimated maximum exposure
data, (b) the ConsExpo modelling programme [22], and (c) the BfR calculation tool [23],
were applied for risk assessment [20]. The dermal exposure values calculated via risk
assessment were compared with the dermal exposure data measured in this study.

Under normal practical conditions, PPDA was applied to the stable floor at a concen-
tration of 2.5 mg of PPDA (dissolved in 100 mL of water)/m². Since pyranine was used
as a tracer for the urease inhibitor PPDA in the exposure measurements, the measured
exposure data were converted to the equivalent amounts of PPDA. The measured exposure
data of the pyranine–water mixture were given in µg/L on the fluorometer during analysis
in the laboratory. For both sizes, the initial concentration of pyranine (1 g/L) and the
application rate of PPDA in the barn (2.5 mg of PPDA in 100 mL per m²) were known, and
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the measured concentration was converted to the PPDA amount (mg) considering a factor
of 40.

To calculate the margin of safety (MOS), which can be used to assess health risk [18],
the systemic exposure dose (total SED = dermal SED + inhalation SED) is necessary. The
dermal SED incorporates dermal exposure. Therefore, the dermal SED is a good way
to compare the estimated (a) and measured (d) exposure values in this study with the
calculated values from risk analysis [24] using models ((b) to (c) below). The dermal SED
value can be calculated for the estimated and measured data using Equation (1), which is
given in risk analysis [24]:

Dermal SED = PPDA mg × 0.02/500 kg, (1)

According to the risk analysis, a value of 0.02 represents a dermal absorption factor of
2%, assuming that cow dermal absorption is equal to absorption by human skin. In this
case, 500 kg refers to the weight of a cow. Various approaches were used to calculate the
dermal SED:

(a) Estimated maximum exposure data: Exposure was evaluated using a camera record-
ing the number of nozzles and the duration of contact with the lifelike cow dummy
during application via the drag hose system. The resulting amount of PPDA (in mg)
per cow was substituted in Equation 1 to calculate the dermal SED.

(b) ConsExpo modelling programme [22]: The BfR has recommended this programme
for assessing the direct exposure of livestock to biocidal products. In the model, there
is neither an application involving the drag hose system nor an over the cow scenario.
As an alternative, the following scenario was used during modelling: Treatment of
Animal Housing—Exposure of a Dairy Cow from a Spraying Treatment with Direct
Product Contact [24].

(c) BfR calculation tool [23]: This calculation tool estimates the external exposure of farm
animals to biocidal active substances. In the model, there is neither an application
involving a drag hose system nor an over the cow scenario. As an alternative, the
following scenario was used during modelling: Surface Treatment of Animal Housing
(Floor Only). Dermal exposure in this model is described/defined as rubbing against
surfaces [24].

(d) Measured exposure data: the dermal SED was estimated using the 95th percentile of
the measured values from dermal exposure to PPDA (mg) per cow in the over the
cow scenario using Equation (1).

3. Results
3.1. Animal Behaviour

Over 77 days from February to May, the number of animal contacts in both the over
the cow and passing the cow scenarios was less than one contact per cow per day. Animal
contact in the over the cow scenario varied between 0 and 0.24 contacts per cow per day,
while this value varied between 0.09 and 0.8 contacts per cow per day in the passing the
cow scenario (Figure 4). In addition, pre-investigations revealed that animals gradually
adapted to the system over time, and the influence of the drag hose system on animal
behaviour was minimal at night. Its application at this time was therefore proven to be the
most practical.

3.2. Video Analysis

Table 4 provides the video analysis results. Two distinct situations were considered: a
nozzle meets a cow and a drag hose is pulled over a cow. The number of contacts in the
relevant body areas and the length of each contact with the nozzle were noted in these
scenarios per application run. The set flow rate of the nozzles was then used to calculate the
amount of liquid (mL) in each scenario. The maximum possible amount of PPDA applied
to the lifelike cow dummy was 379 mL. In practice, the application rate of PPDA was
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2.5 mg of PPDA per 100 mL per m². The amount of liquid could therefore be converted
into the amount of PPDA (mg) using a factor of 40. Notably, 379 mL corresponds to 9.5 mg
of PPDA in each application run. The video has already been published [20].
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Figure 4. Average number of contacts per cow per day documented during video analysis of the over
the cow and passing the cow scenarios during the application of the drag hose system for 77 days
from February to May. Application occurred in the early morning hours at 03:45 a.m.

Table 4. Video analysis for estimating the maximum possible amount of fluid on the lifelike cow
dummy during the application runs with the drag hose system in the over the cow scenario per
application run for the different application settings. The total amount of liquid [mL] was calculated
by multiplying the contact time of the nozzles by the total duration of contact. The specific flow rate
of the nozzles (Table 1) was considered here. The total amount of PPDA applied was calculated by
considering a factor of 40. To calculate the dermal SED, Equation (1) was used.

Situation
during the

Application
Run

Body Part
Contact

Contact Time
[Sec]

Number of
Nozzles

Nozzle
Type

Total
Amount of

Liquid [mL]

Total Amount of
PPDA Applied

[mg per
Application Run]

Dermal
SED

[mg/kg bw
per Day]

nozzle meets
the cow

legs (frontal) 2 3 AirMix
110-25 82 2.1 8.4 × 10−5

legs (frontal) 2 2 AirMix
110-04 87 2.2 8.8 × 10−5

drag hose is
pulled over

the cow

upper body 3 3 AirMix
110-25 123 3.1 1.2 × 10−4

upper body 3 1 AirMix
110-04 65 1.6 6.4 × 10−5

legs
(sideways) 1 1 AirMix

110-04 22 0.6 2.4 × 10−5

Total 379 9.5 3.8 × 10−4

3.3. Measured Dermal Exposure

The total dermal exposure levels measured on the lifelike cow dummy for all scenarios
and application techniques in May and August were calculated to obtain the dermal SED
[mg/kg bw per day] (Equation (1)), as summarised in Table 5. The highest dermal SED
occurred in the over the cow scenario, ranging from 5 × 10−5 [mg/kg bw per day] (without
foot patches) to 6 × 10−5 [mg/kg bw per day] (with foot patches). The dermal SED in
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the passing over the cow scenario was 5 × 10−5 [mg/kg bw per day], with a value of
4 × 10−5 [mg/kg bw per day] without foot patches. Compared to application with the
drag hose system, the robot dummy scenario demonstrated the lowest dermal SED. The
dermal SED was 1 × 10−5 [mg/kg bw per day], especially when foot patches were not
used. The dermal SED with foot patches was 3 × 10−5 [mg/kg bw per day], which was
three times greater than that measured without patches. In both drag hose scenarios, the
upper body of the lifelike cow dummy exhibited the highest exposure, varying between
68 and 76%. In the case of robot application, 100% of the exposure occurred on the legs.
The upper body was not measured because the application with the robot was performed
near the ground, which suggested that no exposure on the upper body could be expected.

Table 5. Dermal SED values according to the different scenarios and application techniques with
and without foot patches. The 95th percentile of the measured values of dermal exposure to PPDA
(mg per application) was calculated for the dermal SED [mg/kg bw per day], as were the percentage
distributions of the exposure values on the respective body parts. X denotes not measured.

Over the Cow Passing the Cow 0 m Frontal

dermal SED [mg/kg bw per day] 5 × 10−5 5 × 10−5 1 × 10−5

variation coefficient [vc %] 10 13 10

torso % 75 76 X

legs % 25 24 100

udder % 0 0.1 0

dermal SED [mg/kg bw per day] 6 × 10−5 4 × 10−5 3 × 10−5

variation coefficient [vc %] 10 6 4

torso % 69 68 X

legs % 29 31 100

udder % 1 1 0

3.4. Comparison of the Calculated and Measured Dermal Systemic Exposure Dose (SED) Values

The maximum possible dermal exposure was expected in the over the cow scenario,
which was considered the worst-case scenario in the risk assessment. The dermal SED was
calculated in this worst-case scenario per application run using the different approaches
(refer to (a) to (d)) (Table 6). Furthermore, the dermal SED values calculated based on
the measured exposure data from the passing the cow scenario and the robot dummy are
presented. The considered factor represents how much lower or higher the dermal SED of
the measured exposure data (d) of the over the cow scenario is relative to all other dermal
SED values. When comparing the dermal SED values on which the measured exposure
data are based ((d) to (f)), the over the cow scenario exhibited the greatest value, followed
by the passing the cow scenario, with values of 0.7 and 0.5, respectively, compared to the
robot dummy. When dermal SED values were calculated for the over the cow scenario
using approaches (a) to (d), video analysis showed the highest value, at 3.8 × 10−4 mg/kg
bw per day. The dermal SED was six times greater than the measured dermal SED (d),
with a value of 6 × 10−5 mg/kg bw per day. The ConsExpo modelling tool generated five
times higher dermal SED values, with an average of 3.1 × 10−4 mg/kg bw per day. The
dermal SED calculated by the BfR calculation tool was two times greater with a value of
1.0 × 10−4.
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Table 6. For every approach, the dermal SED values (in mg per kg body weight (bw) per day) are
shown. (a) Dermal SED values estimated via video analysis, (b–c) calculated via the risk assessment
model tools, and (d–f) assessed via the dermal exposure data measured in this study for the three
worst-case scenarios. Factor * denotes the ratio of the dermal SED value of the over the cow scenario
based on the measured data compared to all other SED values.

Approach for
Dermal SED

Determination

(a) Video
Analysis (b) ConsExpo (c) BfR

Calculation Tool
(d) Measured

Exposure Data
(e) Measured

Exposure Data
(f) Measured

Exposure Data

scenario over the cow

spraying
treatment with
direct product

contact

surface treatment
of animal

housing (floor
only)

over the cow passing the cow 0 m frontal

SED [mg/kg
bw per day] 3.8 × 10−4 3.1 × 10−4 1.0 × 10−4 6 × 10−5 4.2 × 10−5 3.1 × 10−5

Factor * 6 5 2 1 0.7 0.5

4. Discussion

This study demonstrated the development of a method to measure dermal exposure on
a lifelike cow dummy, as well as how the collected data can be classified in relation to risk
assessment. The maximum possible exposure in the over the cow scenario on a lifelike cow
dummy was first estimated via the flow rate of the nozzles via video analysis. Furthermore,
the frequency of both worst-case scenarios with the drag hose system (over the cow and
passing the cow) was evaluated using real cows in animal behavioural experiments. Finally,
dermal exposure was measured on a lifelike cow dummy using Tyvek® as a collector
combined with the fluorescent dye pyranine considering three worst-case scenarios. The
dermal SED could then be calculated using the estimated and measured exposure values.
This value could be used as a reference point for the comparison of estimated and measured
exposure levels with calculated exposure data obtained with model calculation tools for
risk assessment [24].

Tyvek® was previously used as a collector, together with pyranine, to measure dermal
exposure in tractor cabins [15] and for bystanders when plant protection products were
applied in a culture room [14]. With this study, it was possible to demonstrate that this
method may be useful for measuring reproducible dermal exposure values on lifelike cow
dummies, even at higher exposure levels. As there was direct contact between the animal
and the application technique in the investigated application areas, dripping from the
lifelike cow dummy covered with Tyvek® could not be ruled out due to the larger exposure
quantity. Because of the horizontal orientation of the nozzles and the forward application
in the robot dummy scenario (0 m frontal), a substantial quantity of liquid was applied to
the legs over a longer period, exceeding the absorption capacity of Tyvek® and resulting in
dripping. Therefore, the measured exposure values could be lower than the real exposure
levels. An investigation of the differences in dripping behaviour between Tyvek® and cow
skin was not conducted. Because cow skin does not completely absorb the liquid, this
aspect should not generate much of an impact. In this case, it is only plausible to assume
that both surfaces behave equally. Although no drag hose scenario indicated dripping in
the practical tests, small losses were still possible, particularly if the Tyvek® cutting patterns
of the upper body were removed and cut after application.

In risk assessment of plant protection products, modelling mainly involves relatively
conservative data [10]. The methods used in the UI risk assessment also reflected this aspect.
Due to the database used in the BfR [23] and ConsExpo [22] models, it was not possible
to calculate realistic over the cow scenarios related to our application case. Therefore,
alternative application scenarios were chosen. The data used for the calculations in the
ConsExpo model were related to spraying application. However, direct product contact
was considered. Furthermore, the amount of exposure can be modified in the calculation
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tool and was set to 7.9 mg of PPDA per application run for 314 mL of spray liquid. This
value was calculated based on the same video analysis approach that was used for the
9.5 mg per application level of PPDA, as indicated in Table 4. The only difference was
that the exposure amount used in the ConsExpo model was based on the flow rate of five
AirMix 110-25 nozzles instead of three AirMix 110-25 nozzles and two AirMix 110-04 OC
nozzles. As a result, the flow rate decreased, which yielded a smaller total amount of PPDA
(mg per application run) and a slightly lower dermal SED value (3.1 × 10−4 [mg/kg bw
per day]) than the video analysis (3.8 × 10−4 [mg/kg bw per day]).

In the BfR tool, soil treatment is considered, and dermal exposure among animals
results from rubbing against surfaces. Direct contact between the application technique
and animals was not considered here. This could explain the lower dermal SED value
of 1.0× 10−4 [mg/kg bw per day] compared to those provided by the other models
(3.8 × 10−4 [mg/kg bw per day]) and the ConsExpo model (3.1 × 10−4 [mg/kg bw per
day]). Furthermore, the risk assessment was based on one contact per animal and one
application run per day. However, animal behaviour video analysis demonstrated that
there were just over 0.09 contacts per cow per day. This suggests that the risk will likely be
lower in reality than the calculated, estimated, and measured levels.

It has already been determined that applying UI (2.5 mg of Atmowell® in 100 mL)
on a stable floor once per day is safe for animals, humans, and the environment [24].
However, these assumptions only partially represent reality because they are mainly based
on assumptions with theoretically estimated input parameters. Measurements could
improve the theoretical exposure assumptions of risk assessments. This suggests that an
even lower risk level could be assumed. It should be highlighted that measured inhalation
exposure data must be included in the final comparison for risk assessment. To assess
inhalation exposure among cattle, additional methods must be developed.

5. Conclusions

• The established method is very well suited for collecting reproducible exposure data
from lifelike dummies under practical conditions;

• The frequency of contact between the application technology and animals is many
times lower than that estimated in the risk assessment;

• In both drag hose scenarios, exposure on the lifelike cow dummy occurs mainly on
the torso;

• In the robot dummy scenario, mainly the legs and feet of the lifelike cow dummy are
exposed due to the robot operating close to the ground;

• The measured exposure data are lower than the dermal exposure values calculated
before the theoretical risk assessment;

• For a final comparison with the total SED values from the risk assessment, inhalation
exposure values must be recorded and included in the assessment procedure.
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Figure A1. Schematic floor plan of Stable A, in which the animal behaviour study and exposure
measurements were performed. The positions of the video cameras used in the animal behaviour
study are indicated by 1 and 2. The position of the lifelike cow dummy in all exposure scenarios is
indicated by 1. A is the application length of the robot dummy (3 m). B is the application length of
the drag hose system in both scenarios (5 m), while 2 and 3 denote the positioning and orientation,
respectively, of the video cameras used in the animal behaviour study.
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