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Simple Summary: Most prototypes of systems to automatically detect lameness in dairy cattle are
still not available on the market. Estimating their potential adoption rate could support developers in
defining development goals towards commercially viable and well-adopted systems. We simulated
the potential market shares of such prototypes to assess the effect of altering the system cost and
detection performance on the potential adoption rate. We found that system cost and lameness
detection performance indeed substantially influence the potential adoption rate. In order for farmers
to prefer automatic detection over current visual detection, the usefulness that farmers attach to
a system with specific characteristics should be higher than that of visual detection. As such, we
concluded that low system costs and high detection performances are required before automatic
lameness detection systems become applicable in practice.

Abstract: Most automatic lameness detection system prototypes have not yet been commercialized,
and are hence not yet adopted in practice. Therefore, the objective of this study was to simulate
the effect of detection performance (percentage missed lame cows and percentage false alarms) and
system cost on the potential market share of three automatic lameness detection systems relative to
visual detection: a system attached to the cow, a walkover system, and a camera system. Simulations
were done using a utility model derived from survey responses obtained from dairy farmers in
Flanders, Belgium. Overall, systems attached to the cow had the largest market potential, but were
still not competitive with visual detection. Increasing the detection performance or lowering the
system cost led to higher market shares for automatic systems at the expense of visual detection.
The willingness to pay for extra performance was €2.57 per % less missed lame cows, €1.65 per % less
false alerts, and €12.7 for lame leg indication, respectively. The presented results could be exploited
by system designers to determine the effect of adjustments to the technology on a system’s potential
adoption rate.

Keywords: adoption rate; market share; willingness to pay; willingness to adopt; automatic lameness
detection; discrete choice experiment

Animals 2017, 7, 77; doi:10.3390/ani7100077 www.mdpi.com/journal/animals

http://www.mdpi.com/journal/animals
http://www.mdpi.com
https://orcid.org/0000-0002-1357-0665
https://orcid.org/0000-0002-5849-4301
http://dx.doi.org/10.3390/ani7100077
http://www.mdpi.com/journal/animals


Animals 2017, 7, 77 2 of 15

1. Introduction

Current dairy research focuses on the development of technologies to detect health problems
such as lameness, mastitis, and metabolic disorders [1] to improve farm profitability, animal health,
and animal welfare. For the manufacturer, a high adoption rate is necessary to cover development and
marketing costs. Potential adoption rates should therefore be estimated in advance to design systems
that are useful for the farmer, but also commercially feasible [2].

The adoption of a health monitoring system depends on the usefulness that farmers attach to a
system with specific characteristics. Possibly, farmers’ preferences could be diverse for different types
of technology and hence lead to different potential adoption rates. As emerging technologies are not
yet used in practice, no real market shares are available to demonstrate the effect of alternating system
performances or costs. A simulation of potential market shares could provide an insight into these
effects, and could be performed based on a utility model describing the usefulness that farmers attach
to different technologies with specific characteristics. Such a utility model can be constructed based on
the choice behavior of farmers as explored using discrete choice experiments (DCE). Revealing the
preferences of the end user could support a more focused development, as system developers know
what farmers expect and can take these expectations into account during development.

Lameness is an important health and welfare problem with major consequences for productivity
and farm profitability [3,4], but current detection methods are time consuming and subjective.
Therefore, many research initiatives have focused on creating systems to detect lameness automatically
and objectively. The most used technologies are camera systems [5,6], walkover systems [7,8],
and cow-attached systems [9,10]. Except for StepMetrix™ (Boumatic, MA, WI, USA), none of these
systems are already commercially available. Since the aforementioned research prototypes may be
further developed into commercial applications, it would be useful to know the effect of important
system characteristics on their potential market share. Such characteristics could be the system cost,
the rates of undetected lame cows and false alarms, the ability to indicate which leg is lame, and how
much earlier a lame cow can be detected. As it is unclear how much earlier a lameness case could be
detected by using an automatic lameness detection system [11], this characteristic cannot easily be
accounted for in market share calculations. For certain system types, the system cost may depend
on the herd size, thus requiring a general cost characteristic when surveying farmers’ preferences.
In a previous study, we determined the importance of several aforementioned automatic lameness
detection system characteristics using a DCE [12], but information about the path that will maximize
the chances for adoption by the sector has not yet been provided.

The goals of this study were therefore to: (1) investigate the effect of an improved lameness
detection performance on the uptake of such technologies in dairy practice; (2) assess the influence
of system costs on the potential adoption rate; and (3) demonstrate the usefulness of discrete choice
experiments to define development goals to improve the adoption potential of existing prototypes.

2. Materials and Methods

2.1. Experimental Approach

We performed a DCE to investigate which system characteristics of an automatic lameness
detection system are considered important by Flemish dairy farmers [12]. Farmers had to choose their
preferred option from four options: a system attached to the cow, a walkover system, a camera system,
and visual detection without the help of a sensor system. In Table 1, the system characteristics and
their possible levels as used in the DCE are summarized. With the information in Table 1, choice sets
consisting of specific combinations of system characteristic levels were created for each sensor system.
An example is given in Table 2.



Animals 2017, 7, 77 3 of 15

Table 1. System characteristics and their respective possible levels used in the choice experiment
reported in [12].

System Characteristics Possible Characteristic Levels

Percentage missed lame cows 0%, 10%, 20%, 30%
Percentage false alarms 0%, 5%, 10%, 15%
Cost per cow per year €15, €35, €55, €75

Indication lame leg yes, no

Table 2. Example of a choice set as presented to the farmer. Only one option could be chosen.

Characteristics
Option 1 Option 2 Option 3 Option 4

System Attached to the Cow Walkover System Camera System Opt out

Percentage missed lame 10% 10% 30% I will detect the lame
cows myself using
visual inspection

Percentage false alarms 15% 15% 0%
Cost/cow/year €55 €35 €15

Indication lame leg yes no yes

The DCE was embedded in an online survey that was active for two months. Each respondent
was shown two blocks of four choice sets each; one before providing extra information on lameness
consequences and one after, allowing us to find out whether extra information on lameness
consequences influenced farmers’ decision behavior. In addition, general questions concerning the
farm and current practices were asked to determine socio-demographic characteristics describing
the farm. In total, 135 responses from Flemish dairy farmers (originating from the northern part of
Belgium) were gathered, totaling up to 1080 answered choice sets. Socio-demographic characteristics
of the respondents were found to correspond fairly well with Flemish averages. For more details on
the gathered responses, the reader is referred to [12].

Farmers’ choices were modeled in a utility model describing the usefulness that a farmer attached
to each available option in the choice set. In this model, the system cost, percentage false alarms,
percentage missed lame cows, and ability of the system to indicate which leg is lame had a significant
influence on the farmers’ perceived usefulness of automatic lameness detection systems. The reader is
referred to [12] for more details on the modeling process. The resulting utility model was used as a
basis to simulate potential market shares from the gathered responses and was given by (Equation (1)):

Ui = β0i + β1 ∗missedLame + β2 ∗ f alseAlarms + β3 ∗ cos t
+β4 ∗ indicateLeg + β IMPLAMENESS ∗ impLameness+
βCALFINSEMD1 ∗ cal f Insemd1 + βCALFINSEMD2 ∗ cal f Insemd2+
βESTDET ∗ estDet1 + βBEFOREAFTER ∗ be f orea f ter

(1)

where Ui is the utility (usefulness, dimensionless value relative to the opt-out option with utility zero)
of option i, β0i is the model constant of option i, missedLame is the percentage missed (undetected)
lameness cases, falseAlarms is the percentage false alarms, cost is the system cost, and indicateLeg
is the ability to indicate which leg is lame, each with its respective coefficient β1, β2, β3, and β4.
The importance that the farmer attached to lameness on a scale from 1 to 10 (impLameness), the interval
calving to first insemination (calfInsemd1 and calfInsemd2) on the farm, whether there was an automatic
estrus detection system present on the farm (estDet), and whether the farmer received extra information
about the consequences of lameness before making a choice (beforeafter), were retained in the model,
each with their corresponding coefficient estimate (β).

Equation (1) was used to calculate the average utility of the 135 farmers for one set of system
characteristics for each technology and for visual detection. The market share (%) of each technology
and visual detection, given the used system characteristics, could be calculated as a ratio between
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the average utility of one technology divided by the sum of the average utilities of all four options
(the three technologies and visual detection) (Equation (2)):

Market share system i =
exp( 1

N

N
∑

n=1
Ui,n)

M
∑

m=1
exp( 1

N

N
∑

n=1
Um,n)

(2)

where N is the number of respondents (135), M is the number of systems including visual detection
(4), and Ui,n is the utility attached to system i by farmer n. If the average utility that farmers attach to
each of the four systems would be equal, all systems would obtain a market share of 25%. The effect
of altering system characteristics on the market share was assessed by comparing simulated market
shares for two parametrizations: one where the performance of the detection systems was gradually
improved and one where the system price was gradually reduced.

2.2. Effect of System Performance on the Potential Market Share

To evaluate the effect of an improved system performance on the market share, the percentage
false alarms and the percentage missed lame cows were decreased gradually, whereas the cost and the
ability to identify which leg is lame were kept constant for all systems. The following combinations of
percentage false alarms and percentage missed lame cows were simulated: (simulation 1) 30% false
alarms and 18% missed lame; (simulation 2) 24% false alarms and 12% missed lame; (simulation 3)
18% false alarms and 9% missed lame; (simulation 4) 12% false alarms and 6% missed lame;
and (simulation 5) 6% false alarms and 3% missed lame. These five simulations were performed
in combination with four situations with different cost values and lame-leg-indication: (1) cost of €20
and no indication which leg is lame; (2) cost of €20 per cow per year with indication which leg is
lame; (3) cost of €35 per cow per year without indication which leg is lame; and (4) cost of €35 with
indication which leg is lame. The example system costs were chosen based on an expected lameness
cost of €53 per cow per year [13], and on the assumption that the cost of a detection system should not
exceed the proportion of the lameness cost that can be avoided to be economically profitable for the
farmer. As the potentially avoided losses are currently still unknown, the two system costs, €20 and
€35 per cow per year, were chosen as a deemed realistic cost for automatic lameness detection systems
ready for adoption in practice. All simulations were performed twice: first for the situation before the
farmer received extra information about the consequences of lameness (i.e., milk loss, underestimation
prevalence, financial losses, etc.) (beforeafter = 0 in Equation (1)), and again for the situation after
receiving extra information (beforeafter = 1 in Equation (1)). In total, 40 simulations were performed.

2.3. Effect of System Cost on the Potential Market Share

Next, the cost of all systems was gradually reduced to evaluate the effect of the system cost on
potential market shares. System costs ranged from €75 to €15 and decreased in steps of €5 for all
systems simultaneously. During the simulation, all other attributes (% false alerts, % missed alerts,
lame-leg-indication) were kept constant for all systems. Two simulated system performances (20%
missed lameness cases combined with 10% false alerts and 10% missed lameness cases combined with
5% false alerts) were chosen to represent a mediocre and a rather well performing system, respectively.
Simulations for four different system performance levels were performed: (simulation 1) 5% false
alarms and 10% missed lameness cases without indication which leg is lame; (simulation 2) 5% false
alarms and 10% missed lameness cases with indication which leg is lame; (simulation 3) 10% false
alarms and 20% missed lameness cases without indication which leg is lame; and (simulation 4) 10%
false alarms and 20% missed lameness cases with indication which leg is lame. Similar to the previous
section, all simulations were performed for the situation before and after the farmer received extra
information. Hence, in total, 104 simulations were performed.
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2.4. Willingness to Pay for Improved System Characteristics

Willingness to pay (WTP) was calculated as a measure for the amount of money that a farmer is
willing to spend for a certain improvement in one of the system characteristics. WTP is calculated as
the ratio of two system characteristic coefficient estimates mentioned in Equation (1). Hence, WTP was
calculated for each system characteristic by dividing the coefficient value of the respective characteristic
βj by the coefficient value for the system cost (β3)

WTPj =
β j

β3
(3)

where j = 1 for percentage missed lame cows, j = 2 for percentage false alerts, and j = 4 for ability
to indicate which leg is lame. Consequently, WTP is expressed in € per % point improvement for
percentage missed lame cows and percentage false alerts, and as an amount of money (€) if lame leg
indication is present.

2.5. Usefulness of the Discrete Choice Experiment for Further Technology Development

The potential adoption rate of a lameness detection system can be enlarged by altering the
system characteristic levels in such a way that the utility of the system increases. The utility model
(Equation (1)) can be used to provide guidelines for system developers to increase the adoption
potential of their system. These guidelines can be visualized by presenting the utility attached to
specific combinations of system characteristic levels in a 3D plot. First, possible combinations of
automatic lameness detection system characteristic levels (% missed lame cows, % false alerts, cost
per cow per year and the ability of the system to indicate which leg is lame) lying within the intervals
mentioned in Table 1 were listed. Visualizations were composed of 3D-plots where each point of
the 3D-grid represents one possible combination of system characteristic levels (Figure 1). Separate
plots were made for systems with or without lame leg indication. The color of each plotted point was
determined according to the size of the mean utility calculated using Equation (1).

Within the 3D-plots, planes of points with similar utility values (hence similar color) can be
defined, creating a stack of parallel iso-utility planes. This allows developers to identify which point
in the 3D-grid belongs to the characteristic level of their current system. Consecutively, a desired
utility value for the future system can be proposed. This implies that the respective plane containing
the combination of desired characteristics is also known. Two planes can thus be defined: a first
one containing the combination of characteristic levels of the current system (Figure 1, plane 1),
and a second one containing the combination of characteristic levels of the desired improved system
(Figure 1, plane 2). The latter can be defined by identifying the system characteristic levels that provide
the desired utility value at the shortest distance from the current characteristic levels (P1). This point is
the intersection point of the second plane and a line perpendicular to the first plane through the point
with the current system characteristic levels (Figure 1, P1).

Using these visualizations, guidelines can be defined to indicate a direction to which further
development should be focused to reach the desired result. An arbitrarily chosen example of a system
that would benefit from improvement was used to demonstrate how such guidelines can be defined.
A current system performance of 27% missed lame cows, 13% false alerts, a cost of €41 per cow per year,
no lame leg identification, and a utility value of −1.20 was used as an example. Two example desired
systems (i.e., improved versions of the example current system) were defined: the first system should
have a utility value of 0, indicating that the system would incur equal usefulness compared to visual
detection. The second system was defined by a utility value of 0.5. For each system, a combination
of system characteristic levels that fulfills the prerequisites was defined for the case of a system
attached to the cow. Both systems with and without lame leg identification were assessed for the future
system configuration.
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Figure 1. Schematic representation of the combination of system characteristics of the desired system.
Pw represents the combination of characteristic levels for the system considered worst, with 30% missed
lame cows, 15% false alerts, and a cost of €75/cow/year. Pb represents the system that is considered
best, with 0% missed lame cows, 0% false alerts, and the lowest cost (€15/cow/year). P1 is the point
representing the example current characteristic levels with plane 1 containing all system characteristic
combinations with utility equal to P1. Plane 2 contains all system characteristic combinations that
have the desired utility, and from which the most feasible option can be selected. P2 represents the
combination with the smallest possible alterations to the current characteristics needed to reach the
desired utility value for a future system.

3. Results

3.1. Effect of Detection Performance on Potential Market Share

In Figure 2, the simulation results for the effect of the system performance on the potential market
share are shown. The market share of automatic detection systems was 2% larger on average when the
system can indicate which leg is lame compared to a similar system without this feature. This was both
the case for the situation with the cheaper systems (A & B) and the situation with the more expensive
systems (C & D). The market shares of systems with a similar performance were smaller for more
expensive systems (€35) compared to cheaper systems (€20). The market share of visual lameness
detection was about 6% lower on average when comparing similar sensor configurations in similar
situations before and after the farmer received the extra information. Market shares increased by 3%
on average when the percentage missed lame cows and the percentage false alarms were decreased by
6% and 3%, respectively.

Within each situation in Figure 2, the market shares of the automatic systems increased as the
detection performance improved. In general, the market share of visual detection was more than 50%
in three of the four situations in the sensor configuration with the worst detection performance before
the farmer received extra information. Visual detection was hence preferred over automatic detection
systems. This market share decreased rapidly as the detection performance improved, resulting in the
completely opposite situation when automatic systems had a high detection performance. The market
shares within similar situations (A & C, and B & D), but with a different cost, were also different.
Situations with more expensive systems had slightly lower market shares compared to the situations
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with cheaper systems. Although the cost of the more expensive system (€35/cow/year) was almost
double that of the cheaper system (€20/cow/year), the market shares were only a few percentage
smaller for the more expensive system when comparing similar performances between the situations.
Systems capable of indicating which leg is lame realized market shares that were about 2% higher on
average for each sensor system compared to similar systems that cannot indicate which leg is lame.

Animals 2017, 7, 77 7 of 15 

percentage smaller for the more expensive system when comparing similar performances between 

the situations. Systems capable of indicating which leg is lame realized market shares that were about 

2% higher on average for each sensor system compared to similar systems that cannot indicate which 

leg is lame. 

 

Figure 2. Simulated market shares (%) of the four detection systems after reducing the percentage 

missed lame cows (ML) and the percentage false alarms (FA) for four different situations before and 

after the farmer received extra information about lameness. (A) (situation 1), system cost 

€20/cow/year, no indication which leg is lame; (B) (situation 2), system cost €20/cow/year, indication 

which leg is lame; (C) (situation 3), system cost €35/cow/year, no indication which leg is lame; (D) 

(situation 4), system cost €35/cow/year, indication which leg is lame. 

The fact that the system performance of each sensor was changed simultaneously led to 

proportional changes between sensor systems in all simulations. A sensor attached to the cow had 

the biggest market share, followed by walkover systems and camera systems. A camera system with 

lame leg indication and a cost of €20 should not exceed a maximum of 12% missed lame cows and 

6% false alarms in order to reach a similar market share as a walkover system with lame leg indication 

and a cost of €20 that had 24% missed lame cows and 12% false alarms.  

Figure 2. Simulated market shares (%) of the four detection systems after reducing the percentage
missed lame cows (ML) and the percentage false alarms (FA) for four different situations before and
after the farmer received extra information about lameness. (A) (situation 1), system cost €20/cow/year,
no indication which leg is lame; (B) (situation 2), system cost €20/cow/year, indication which leg is
lame; (C) (situation 3), system cost €35/cow/year, no indication which leg is lame; (D) (situation 4),
system cost €35/cow/year, indication which leg is lame.

The fact that the system performance of each sensor was changed simultaneously led to
proportional changes between sensor systems in all simulations. A sensor attached to the cow had the
biggest market share, followed by walkover systems and camera systems. A camera system with lame
leg indication and a cost of €20 should not exceed a maximum of 12% missed lame cows and 6% false
alarms in order to reach a similar market share as a walkover system with lame leg indication and a
cost of €20 that had 24% missed lame cows and 12% false alarms.
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3.2. Effect of System Cost on Potential Market Share

In Figure 3, the influence of the system cost on potential market shares is presented. First, it
should be noted that all presented results should be interpreted with care, as several assumptions
that may not be valid in reality were made during the simulation (e.g., simultaneous changes for all
automatic systems). In general, market shares of the automatic detection systems increased clearly
with a decreasing system cost. Each system’s market share increased by about 0.75 percent on average
per cost difference of €5. Market shares were larger when the system performance (% missed lame
and % false alerts) was better, and slightly larger (2% on average) for systems capable of indicating
which leg is lame compared to the same system without this feature. Market shares were slightly
higher for equal system configurations in similar situations after the farmer received extra information
about lameness.
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Figure 3. Simulated market shares (%) of the four detection systems after reducing the system cost
for all systems in four different situations before and after the farmer received extra information.
(A) (situation 1), 5% false alarms, 10% missed lame cows, no indication which leg is lame;
(B) (situation 2), 5% false alarms, 10% missed lame cows, indication which leg is lame; (C) (situation 3),
10% false alarms, 20% missed lame cows, no indication which leg is lame; (D) (situation 4), 10% false
alarms, 20% missed lame cows, indication which leg is lame.
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The market shares in Figure 3 changed only slightly with each step in cost reduction. However,
for large cost differences, these small changes added up to quite large differences. Visual detection
clearly lost popularity when automatic systems became cheaper. Also, similar results compared to the
first part were found: systems that could indicate which leg was lame had higher market shares than
those that didn’t have this feature, but the difference was often only one percent. When comparing the
evolution between situations with similar systems, but different detection performances (Figure 3A,C
and 3B,D), it was clear that the better performing systems had higher market shares. Similar to the
results in Figure 2, the system attached to the cow had the highest market share of all automatic
systems, followed by the walkover system.

3.3. Willingness to Pay for Improved System Characteristics

Based on the variable coefficients in Equation (1), farmers were willing to pay €2.57 more per %
point less missed lame cows, €1.65 more per % point less false alerts, and €12.7 more if the system was
capable of indicating which leg is lame. This means that when the percentage missed lame cows of
a system with a specific performance configuration is reduced by one percent, the system cost can
increase simultaneously by €2.57 in order for the new system to reach an equal usefulness for the
farmer and hence an equal market share compared to the original system. That is, if the percentage
false alerts and the ability to indicate which leg is lame remain constant. For example, if a system with
27% missed lame cows, 13% false alerts, no indication which leg is lame, and costing €41 per cow per
year, is altered to a system with 27% missed lame cows, 12% false alerts, and no indication which leg
is lame, the system cost can increase to €42.65 per cow per year while still reaching the same utility
for the farmer. If the same system is altered to a system with 26% missed lame cows, 12% false alerts,
and no indication which leg is lame, the system cost can increase to €45.22 per cow per year, and still
reach the same utility for the farmer.

3.4. Defining Development Goals for Detection Performance

In Figure 4, visualizations of the utility of specific system characteristic combinations are
represented per technology type and separated for systems with or without lame leg indication.
Planes with equal colors indicate equal utility values between sensor systems. Systems with lame
leg indication generally had higher utility values and hence more warm colors (red, yellow) and less
low utility values (dark blue). Utility differences between technology types were clearly visible, as a
sensor attached to the cow had higher utility values, visible as more warm colors, compared to the
other technologies. Similarly, utility values were generally higher for walkover systems compared to
camera systems. A utility value of 0 indicates equal usefulness compared to visual detection, and was
colored in yellow. As such, only a rather small part of each figure involves utility values higher than
that of visual detection, indicating the need for high detection performance and low system costs to
achieve high adoption rates for automatic lameness detection systems.

In Figure 5, the development goals to improve the example current system performance are
presented visually for configurations with and without lame leg indication for the case of a sensor
attached to the cow. Three points were defined: one representing the utility of the current system
configuration (P1), one representing the system configuration for utility value 0 (P2), and one
representing the system configuration for utility value 0.5 (P3), each lying within its respective plane
of other combinations with equal utility values (plane 1, plane 2, and plane 3, respectively). Each
combination of system characteristics (P2, P3) was found by determining the intersection point
of the desired utility planes with the line through P1 (current system characteristics combination)
perpendicular to plane 1. Hence, the combination of system characteristics that meets the desired
utility with the smallest possible alterations (smallest spatial distance) to the current characteristic
levels was found. The desired system performance with utility 0 was formed by a combination of 14%
missed lame cows, 5% false alerts, and a cost of €36 per cow per year for a sensor system without lame
leg indication (P2). The configuration for a system with utility 0.5 was 9% missed lame cows, 1% false
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alerts, and a cost of €34 per cow per year without lame leg indication. If the system could identify
which leg was lame, the prerequisites for the other system characteristics became less strict. In this
case, utility 0 was already reached with a system with 17% missed lame cows, 7% false alerts, and a
cost of €37 per cow per year (P2′). Utility value 0.5 was obtained for 12% missed lame cows, 3% false
alerts, and a cost of €35 per cow per year (P3′).
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Figure 5. Visualization of the current system performance (P1), the desired system performance for
utility value 0 (P2), and the system performance for a system with utility 0.5 (P3) for a system without
lame leg indication attached to the cow (left figure). Plane 1 combines different combinations of
characteristic levels with a utility of −1.20, whereas plane 2 and plane 3 combine system performances
with a utility of 0 and 0.5, respectively. System performances for future systems with lame leg
indication are presented on the right (P2′ and P3′). P1′ was therefore defined as a fictitious current
system performance with the same 3D position (thus same % missed lame cows, % false alarms and
price) as P1. Equal colors indicate equal utility values.

4. Discussion

4.1. Automatic Systems Have to Become Cheaper and More Performant to Be Preferred over Visual Detection

The results of this study emphasized the effect of the cost and performance of automatic lameness
detection systems on their potential market shares. When automatic systems become cheaper, visual
lameness detection will become less and less popular in favor of the automatic systems, as farmers’
willingness to adopt increases. Similarly, if the detection performance of automatic detection systems
increases, the adoption in practice would likely improve. Cow-attached sensors have been reported
to reach a sensitivity of 90.2% and a specificity of 91.7% [14], whereas Van Nuffel et al. [15] reached
an overall sensitivity of 88% and specificity of 87% using a walkover device. Using another type of
walkover system, Bicalho et al. [7] achieved sensitivity and specificity results of 33.3% and 89.5%,
respectively, whereas cameras have reached sensitivity values of 47.1–54.9% and a specificity of
90.4–94.1% [6]. The expected investment cost for these prototypes is unknown, but is presumably
rather high because they are still in development and not yet fully adapted for use on a farm. Current
prototypes seem to need improvement by improving the detection performance and lowering the
system cost to be preferred over visual detection. This could be achieved by downscaling current
system prototypes and by looking for new sensor-derived variables that may be useful to increase the
performance of derived detection algorithms, as has been attempted for the Gaitwise walkover system
by Van De Gucht et al. [16,17].

4.2. Farmers Are Willing to Pay for Improved Lameness Detection and Indication Which Leg Is Lame

WTP values indicated that farmers are willing to pay €2.57 more per % less missed lame cows
and €1.56 more per % less false alerts. These values were rather high, but may be overestimated due
to the fact that respondents are not bound by real-life constraints when making choices in a choice
experiment [18]. Nevertheless, these WTP values give an indication to what extent the system cost
can increase if the performance is improved to reach a similar usefulness for the farmer compared
to the original system. But, WTP-values do not take into account how this usefulness is translated
into actual purchase decisions and adoption rates. In other words, although usefulness may be the
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same for the improved version of the system, it may still not be high enough for farmers to adopt it
in practice. Hence, costs for improvement should be lower than the willingness to pay in order to
increase system usefulness.

Farmers were willing to spend an extra €12.7 per cow per year on a system capable of indicating
which leg is lame compared to one that is not. Although farmers want to pay a substantial amount of
money for this ability, its actual usefulness may be limited in practice. Lame cows tend to be trimmed
on both their left and right hind hooves during claw trimming, which reduces the benefit of this
ability. However, since lameness is situated on the front hooves in only 25% to 10% of the cases [19–22],
front hooves are often not trimmed. Hence, indicating whether the problem is situated on a front or
hind leg may be useful for the farmer. Furthermore, personal communication with farmers revealed
that they may find this feature useful in the case of subclinical lameness. As the lame leg may not
easily be identified and the actual lesion may still be hidden, the farmer may be unable to locate the
lesion during a checkup. By indicating which leg is lame, the farmer or hoof trimmer has some prior
knowledge about the affected leg and where to look in detail for possible problems. If the problem is
not located on the hooves, such prior knowledge may facilitate diagnosis.

4.3. Discrete Choice Experiments Provide Valuable Input for System Development

One of the goals of this study was to demonstrate how discrete choice experiments could be useful
for system developers to improve their prototypes towards commercially viable, well-adopted systems.
For example, developers could question whether the performance of a prototype should be increased
or the cost reduced to optimally improve the prototype. If only system cost is altered, the desired
combination is the intersection point of a vertical line (constant performance) through the point with
the current characteristic levels and the desired utility plane (cfr. Plane 2 in Figure 1). For the example
used in this study, altering the system cost only does not allow reaching the desired utility, since the
vertical line through the current system (P1 in Figure 5) does not intersect with the desired utility planes
(Plane 2 and 3 in Figure 5) within the range of possible values. Altering the detection performance
by changing the percentage missed lame cows and the percentage false alerts while keeping system
cost constant, allows one to reach the desired utility. In practice, it may be impossible to change only
one characteristic to a large extent without deteriorating the level of the other system characteristics
(e.g., decreasing system cost significantly without negatively affecting detection performance). This
is caused by a system-specific relation between the system cost and performance on the design side,
which technically limits the possible characteristic level combinations for the developer. As a result,
large adaptations to the system will often require simultaneous alterations on the percentage missed
lame cows, the percentage false alarms, and the system cost to reach the desired utility.

Two restrictions should be kept in mind when performing simulations using a utility model
derived from DCEs. First, simulation values should lie within the range of possible system
characteristic levels covered in the discrete choice experiment (Table 1). Second, the chosen system
characteristic values and their combination should be realistic. In realistic scenarios, the varying
detection performances of aforementioned prototypes could greatly influence market shares. Hence,
the attribute levels of all systems—thus the other options—should be realistic to obtain realistic market
shares. If not, the simulation results will not be realistic either, resulting in skewed market shares
and unrealistic expectations. Keeping these restrictions in mind, the presented method provides
the possibility to assess the potential adoption rates of completely different systems. For example,
one could simulate the market share of a very cheap but low performant sensor system, but also
a more expensive high performant system could be simulated and compared to the prototypes of
other technologies.

Besides the constraints of the utility model, a combination of system characteristic levels obtained
using the method presented in Figure 5 might be technically or economically unrealistic (cfr. relation
between system cost and performance). For example, if the development costs used to reach
the desired performance become very high, or if the sensor hardware costs increase significantly,
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the system’s selling price may rise above the desired system cost. Hence, certain combinations of
system characteristics may not be achievable for the developer. Consequently, development goals need
adjustment to be more feasible while still reaching the desired usefulness for the farmer.

Farmers’ preferences for automatic lameness detection system characteristics vary, as they are
influenced by certain socio-demographic characteristics such as the importance that the farmer attaches
to lameness, and whether the farmer already uses an estrus detection system on the farm [12]. As such,
different systems with specific characteristic levels might be more useful for different target groups.
For example, farmers with a severe lameness problem in their herd may be better off using systems
that focus on the detection of very lame cows in a first stage, and hence settle with a lower detection
performance for mild lameness. Otherwise, the farmer would be inundated with lameness alerts and
could lose the overview. Only once the severe lameness problems are under control, a detection system
focusing on mild lame cows would be feasible for these farms. An alarm prioritization system may
offer a solution to reduce the number of lame cow alerts and prevent the farmer from losing overview.
Farmers that already have an efficient lameness management might need a more performant system
to also detect mild lameness in an earlier stage. For those farms, lameness costs are already lower
compared to farms with severe lameness problems. These farmers might aim for a reduction in labor
time spent by performing visual lameness detection for practical or social reasons, and may hence be
satisfied with a system that equals their own detection performance. Furthermore, farmer personality
may influence the preferences for a detection system. In practice, some farmers may be willing to
accept more false alerts if this implies no lame cow remains undetected. These farmers require a system
with high sensitivity rather than high specificity. Other farmers may not be willing to accept false alerts
and rather miss a lame cow than needlessly lose time to check up on a non-lame cow. The latter group
requires systems with high specificity rather than high sensitivity. It would therefore be interesting if
detection systems could be tailored to the farmer.

In practice, developers and manufacturers cannot easily develop different systems for different
target groups, as this would entail high development and manufacturing costs. It could be better
to aim for an average system performance that meets average farmer preferences and still reaches
the desired market share for the manufacturer. Manufacturers could make this system adaptable
according to the desires and daily management of the farmer by adjusting system settings, which could
be done by changing detection thresholds for lameness alerts and by alert prioritization. This way,
farmers could continue using the same system when the farm lameness status evolves from a severe
lameness problem to a more acceptable situation thanks to better lameness detection and management.
At the same time, the systems’ adaptability allows it to reach a high usefulness for many farmers, thus
increasing the adoption rate of a one-fits-all automatic lameness detection system.

4.4. More Research on the Effect of Early Detection, Farm Scale and Economic Value of Automatic Detection Is
Needed to Support Further Development and Allow More Accurate Market Share Estimations

Some system aspects that may be important for farmers have not been included in this study.
The cost of automatic detection systems was incorporated in the model, but the economic value was
not included as a result of unclear economic values of current system prototypes [11]. Early detection
has been found to affect this economic value, and may be an important system characteristic for the
farmer, as it was indeed important in studies concerning automatic mastitis detection preferences [23].
However, as farmers may currently delay the treatment of detected lameness in practice [24], early
detection may only become important to farmers once they no longer underestimate lameness
consequences and prevalence, as currently seems to be the case [25,26]. Little is known about how
much earlier a detection system can detect lameness compared to the farmer [11], hence farmers’
preferences for early detection were not yet investigated in this study. Furthermore, as farmers were
shown a system cost per cow in the choice sets, possible relationships between system cost and herd
size (e.g., walkover and camera systems vs. cow-attached systems) have still to be accounted for.
When developing a one-fits-all system, developers should compare the current system cost per cow
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for different herd sizes with farmers’ preferences to determine a maximum target system cost. More
research is needed to investigate which other aspects related to detection system characteristics or the
socio-demographic characteristics of farmers could influence potential market shares of automatic
lameness detection systems.

5. Conclusions

We performed simulations using a utility model derived from a discrete choice experiment to
evaluate the effects of dairy farmers’ preferences, system detection performance, and system cost on
the potential market share of automatic lameness detection systems. The obtained results indicated
that the market potential for cow-attached systems is the largest, as this technology was preferred over
walkover and camera systems. To become more competitive and win more market share, the other
systems should have higher detection performances or lower system costs. Reducing the system cost
by €5 led to an average increase of 0.75% in the market share of each automatic detection system.
Improving the detection performance by decreasing the percentage missed lame cows and percentage
false alerts with 6% and 3%, respectively, led to 3% higher market shares on average for all automatic
detection systems. The average willingness to pay was €2.57 per percent less missed lame cows,
€1.65 per percent false alarms, and €12.7 for indication which leg is lame. A 3D presentation of the
estimated utility values was proposed as a tool for a tailor-made and demand-driven technology
design. Manufacturers and developers of automatic lameness detection systems could use the results
of discrete choice experiments to estimate the adoption potential of their system and to assess which
adjustments would result in the largest increase in the adoption potential.

Acknowledgments: This work was supported by the ICT-Agri Smart Integrated Livestock Farming (SILF) project,
the University of Leuven (KU Leuven), Belgium, and the Institute for Agriculture and Fisheries Research (ILVO),
Merelbeke, Belgium.

Author Contributions: Tim Van De Gucht, Stephanie Van Weyenberg, Ludwig Lauwers, Annelies Van Nuffel,
Wouter Saeys and Jürgen Vangeyte conceived and designed the experiments; Tim Van De Gucht and
Stephanie Van Weyenberg performed the experiments, Tim Van De Gucht and Stephanie Van Weyenberg analyzed
the data; Tim Van De Gucht wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rutten, C.J.; Velthuis, A.G.J.; Steeneveld, W.; Hogeveen, H. Invited review: Sensors to support health
management on dairy farms. J. Dairy Sci. 2013, 96, 1928–1952. [CrossRef] [PubMed]

2. Wathes, C.M.; Kristensen, H.H.; Aerts, J.M.; Berckmans, D. Is precision livestock farming an engineer’s
daydream or nightmare, an animal’s friend or foe, and a farmer’s panacea or pitfall? Comput. Electron. Agric.
2008, 64, 2–10. [CrossRef]

3. Bruijnis, M.R.N.; Hogeveen, H.; Stassen, E.N. Assessing economic consequences of foot disorders in dairy
cattle using a dynamic stochastic simulation model. J. Dairy Sci. 2010, 93, 2419–2432. [CrossRef] [PubMed]

4. Warnick, L.D.; Janssen, D.; Guard, C.L.; Grohn, Y.T. The effect of lameness on milk production in dairy cows.
J. Dairy Sci. 2001, 84, 1988–1997. [CrossRef]

5. Viazzi, S.; Bahr, C.; Van Hertem, T.; Schlageter-Tello, A.; Romanini, C.E.B.; Halachmi, I.; Lokhorst, C.;
Berckmans, D. Comparison of a three-dimensional and two-dimensional camera system for automated
measurement of back posture in dairy cows. Comput. Electron. Agric. 2014, 100, 139–147. [CrossRef]

6. Van Hertem, T.; Viazzi, S.; Steensels, M.; Maltz, E.; Antler, A.; Alchanatis, V.; Schlageter-Tello, A.A.;
Lokhorst, K.; Romanini, E.C.B.; Bahr, C. Automatic lameness detection based on consecutive 3D-video
recordings. Biosyst. Eng. 2014, 119, 108–116. [CrossRef]

7. Bicalho, R.C.; Cheong, S.H.; Cramer, G.; Guard, C.L. Association between a visual and an automated
locomotion score in lactating holstein cows. J. Dairy Sci. 2007, 90, 3294–3300. [CrossRef] [PubMed]

8. Maertens, W.; Vangeyte, J.; Baert, J.; Jantuan, A.; Mertens, K.C.; De Campeneere, S.; Pluk, A.; Opsomer, G.;
Van Weyenberg, S.; Van Nuffel, A. Development of a real time cow gait tracking and analysing tool to assess
lameness using a pressure sensitive walkway: The gaitwise system. Biosyst. Eng. 2011, 110, 29–39. [CrossRef]

http://dx.doi.org/10.3168/jds.2012-6107
http://www.ncbi.nlm.nih.gov/pubmed/23462176
http://dx.doi.org/10.1016/j.compag.2008.05.005
http://dx.doi.org/10.3168/jds.2009-2721
http://www.ncbi.nlm.nih.gov/pubmed/20494150
http://dx.doi.org/10.3168/jds.S0022-0302(01)74642-5
http://dx.doi.org/10.1016/j.compag.2013.11.005
http://dx.doi.org/10.1016/j.biosystemseng.2014.01.009
http://dx.doi.org/10.3168/jds.2007-0076
http://www.ncbi.nlm.nih.gov/pubmed/17582114
http://dx.doi.org/10.1016/j.biosystemseng.2011.06.003


Animals 2017, 7, 77 15 of 15

9. Chapinal, N.; de Passille, A.M.; Pastell, M.; Hanninen, L.; Munksgaard, L.; Rushen, J. Measurement of
acceleration while walking as an automated method for gait assessment in dairy cattle. J. Dairy Sci. 2011, 94,
2895–2901. [CrossRef] [PubMed]

10. Thorup, V.M.; Munksgaard, L.; Robert, P.E.; Erhard, H.W.; Thomsen, P.T.; Friggens, N.C. Lameness detection
via leg-mounted accelerometers on dairy cows on four commercial farms. Animal 2015, 9, 1704–1712.
[CrossRef] [PubMed]

11. Van De Gucht, T.; Saeys, W.; Van Meensel, J.; Van Nuffel, A.; Vangeyte, J.; Lauwers, L. Farm-specific economic
value of automatic lameness detection systems in dairy cattle: From concepts to operational simulations.
J. Dairy Sci. 2017, In press. [CrossRef] [PubMed]

12. Van De Gucht, T.; Saeys, W.; Van Nuffel, A.; Pluym, L.; Piccart, K.; Lauwers, L.; Vangeyte, J.; Van Weyenberg, S.
Farmers’ preferences for automatic lameness detection systems in dairy cattle. J. Dairy Sci. 2017, 100,
5746–5757. [CrossRef] [PubMed]

13. Bruijnis, M. Foot disorders in dairy cattle: A socio-economic approach to improve dairy cow welfare.
Ph.D. Thesis, Wageningen University, Wageningen, The Netherlands, 2012.

14. Beer, G.; Alsaaod, M.; Starke, A.; Schuepbach-Regula, G.; Müller, H.; Kohler, P.; Steiner, A. Use of
extended characteristics of locomotion and feeding behavior for automated identification of lame dairy cows.
PLoS ONE 2016, 11, 1–18. [CrossRef] [PubMed]

15. Van Nuffel, A.; Saeys, W.; Sonck, B.; Vangeyte, J.; Mertens, K.C.; De Ketelaere, B.; Van Weyenberg, S. Variables
of gait inconsistency outperform basic gait variables in detecting mildly lame cows. Livest. Sci. 2015, 177,
125–131. [CrossRef]

16. Van De Gucht, T.; Saeys, W.; Van Weyenberg, S.; Lauwers, L.; Mertens, K.; Vandaele, L.; Vangeyte, J.;
Van Nuffel, A. Automatically measured variables related to tenderness of hoof placement and weight
distribution are valuable indicators for lameness in dairy cows. Appl. Anim. Behav. Sci. 2017, 189, 13–22.
[CrossRef]

17. Van De Gucht, T.; Saeys, W.; Van Weyenberg, S.; Lauwers, L.; Mertens, K.; Vandaele, L.; Vangeyte, J.;
Van Nuffel, A. Automatic cow lameness detection with a pressure mat: Effects of mat length and sensor
resolution. Comput. Electron. Agr. 2017, 134, 172–180. [CrossRef]

18. Hensher, D.A.; Rose, J.M.; Greene, W.H. Applied Choice Analysis: A Primer; Cambridge University Press:
Cambridge, UK, 2005; Volume 3.

19. Barkema, H.W.; Westrik, J.D.; Vankeulen, K.A.S.; Schukken, Y.H.; Brand, A. The effects of lameness on
reproductive performance, milk production and culling in dutch dairy farms. Prev. Vet. Med. 1994, 20,
249–259. [CrossRef]

20. Clarkson, M.J.; Downham, D.Y.; Faull, W.B.; Hughes, J.W.; Manson, F.J.; Merritt, J.B.; Murray, R.D.;
Russell, W.B.; Sutherst, J.E.; Ward, W.R. Incidence and prevalence of lameness in dairy cattle. Vet. Rec. 1996,
138, 563–567. [CrossRef] [PubMed]

21. Manske, T.; Hultgren, J.; Bergsten, C. The effect of claw trimming on the hoof health of swedish dairy cattle.
Prev. Vet. Med. 2002, 54, 113–129. [CrossRef]

22. O’Callaghan, K. Lamneness and associated pain in cattle—Challenging traditional perceptions. In Pract.
2002, 24, 212–219. [CrossRef]

23. Mollenhorst, H.; Rijkaart, L.J.; Hogeveen, H. Mastitis alert preferences of farmers milking with automatic
milking systems. J. Dairy Sci. 2012, 95, 2523–2530. [CrossRef] [PubMed]

24. Alawneh, J.I.; Laven, R.A.; Stevenson, M.A. Interval between detection of lameness by locomotion scoring
and treatment for lameness: A survival analysis. Vet. J. 2012, 193, 622–625. [CrossRef] [PubMed]

25. Leach, K.A.; Whay, H.R.; Maggs, C.M.; Barker, Z.E.; Paul, E.S.; Bell, A.K.; Main, D.C.J. Working towards a
reduction in cattle lameness: 1. Understanding barriers to lameness control on dairy farms. Res. Vet. Sci.
2010, 89, 311–317. [CrossRef] [PubMed]

26. Whay, H. Locomotion scoring and lameness detection in dairy cattle. In Pract. 2002, 24, 444–449. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3168/jds.2010-3882
http://www.ncbi.nlm.nih.gov/pubmed/21605759
http://dx.doi.org/10.1017/S1751731115000890
http://www.ncbi.nlm.nih.gov/pubmed/26040626
http://dx.doi.org/10.3168/jds.2016-12285
http://www.ncbi.nlm.nih.gov/pubmed/28527794
http://dx.doi.org/10.3168/jds.2016-12285
http://www.ncbi.nlm.nih.gov/pubmed/28527794
http://dx.doi.org/10.1371/journal.pone.0155796
http://www.ncbi.nlm.nih.gov/pubmed/27187073
http://dx.doi.org/10.1016/j.livsci.2015.04.008
http://dx.doi.org/10.1016/j.applanim.2017.01.011
http://dx.doi.org/10.1016/j.compag.2017.01.011
http://dx.doi.org/10.1016/0167-5877(94)90058-2
http://dx.doi.org/10.1136/vr.138.23.563
http://www.ncbi.nlm.nih.gov/pubmed/8795183
http://dx.doi.org/10.1016/S0167-5877(02)00020-X
http://dx.doi.org/10.1136/inpract.24.4.212
http://dx.doi.org/10.3168/jds.2011-4993
http://www.ncbi.nlm.nih.gov/pubmed/22541479
http://dx.doi.org/10.1016/j.tvjl.2012.06.042
http://www.ncbi.nlm.nih.gov/pubmed/22883926
http://dx.doi.org/10.1016/j.rvsc.2010.02.014
http://www.ncbi.nlm.nih.gov/pubmed/20363487
http://dx.doi.org/10.1136/inpract.24.8.444
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Approach 
	Effect of System Performance on the Potential Market Share 
	Effect of System Cost on the Potential Market Share 
	Willingness to Pay for Improved System Characteristics 
	Usefulness of the Discrete Choice Experiment for Further Technology Development 

	Results 
	Effect of Detection Performance on Potential Market Share 
	Effect of System Cost on Potential Market Share 
	Willingness to Pay for Improved System Characteristics 
	Defining Development Goals for Detection Performance 

	Discussion 
	Automatic Systems Have to Become Cheaper and More Performant to Be Preferred over Visual Detection 
	Farmers Are Willing to Pay for Improved Lameness Detection and Indication Which Leg Is Lame 
	Discrete Choice Experiments Provide Valuable Input for System Development 
	More Research on the Effect of Early Detection, Farm Scale and Economic Value of Automatic Detection Is Needed to Support Further Development and Allow More Accurate Market Share Estimations 

	Conclusions 

