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Simple Summary: Information on the biomechanics of police dogs’ tasks is important in preventing,
diagnosing and treating their work-related injuries and dysfunctions. Despite the fact that dogs in
several fields of service are performing protective tasks, there is lack of information regarding the
occupational physical demands these dogs are subjected to. This study aimed to develop and test
a measurement sleeve for measuring dogs’ functional bite force, and to report locomotion-related
values during a modified long attack. The measurement sleeve was found to be reliable, although
individual tooth force could not be reported, as the forces were above the scale of our sensors.
The dogs’ jaws pressing force, on the other hand, was not high, whereas during acceleration and
deceleration the dogs were subjected to relatively high gravitational force equivalents. There are
differences between two breeds of police dogs’ locomotion during the modified long attack task.
The results gained from this study provide information which can be used to benefit the working
dogs’ welfare during their use and training, as more in-depth understanding of the strains to their
neuromusculoskeletal system is available.

Abstract: Information on the biomechanics of police dogs’ tasks is important in understanding their
work-related injuries and dysfunctions. This study aimed to develop and test a measurement tool for
dogs’ functional bite force and to report modified long attack-related kinetic and kinematic values.
Twenty Finnish male police dogs, 7 German Shepherd Dogs (GSDs) and 13 Belgian Shepherd Dogs,
Malinois (BSDMs), were included. Dogs accelerated 25 m and bit the helper’s sleeve, fitted with
three force sensors. Dogs were wearing a 3D accelerometer and were videotaped with a high-speed
camera. The sleeve’s reliability for measuring the dog’s bite force was evaluated via intraclass
correlation and Cronbach’s alpha. Otherwise, a Mann–Whitney U-test was used, with significance
set at p = 0.05. The sleeve’s test-retest reliability was moderate to good (intraclass correlation of
0.75), and internal consistency was high (Cronbach’s alpha 0.75). The GSDs’ median bite force was
360.4 N (interquartile range (IQR) 628.6 N) and BSDMs’ 247.0 N (IQR 289.8 N). Median acceleration
maximum was 7.1 gravitational force equivalent (g) and median deceleration maximum was 11.6 g,
with highest recorded forces being 9.2 g and 13.1 g, respectively. The measurement sleeve was a
reliable tool for measuring functional bite force in GSDs and BSDMs. Forces related to bite, approach
and impact in the two breeds were reported.

Keywords: working dog; police dog; long attack; functionality; clinical biomechanics; kinetics; kinematics

1. Introduction

German Shepherd Dogs (GSDs) and Belgian Shepherd Dogs, Malinois (BSDMs) are
traditionally the most commonly used dog breeds in police forces and in the army [1–3].
Police dogs’ duties and the schutzhund sport discipline (Internationale Gebrauchshund
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Pruefung, IGP) include similar physical elements and challenges [1,4]. The IGP as a sport
comprises several different sections and tasks within these sections [4]. Long attack is one
of the most commonly known tasks in the protection section of the IGP, and it is also part of
police dogs’ work and training. Essentially, during the long attack the dog will accelerate
towards the helper over a distance of 30–40 m, attack the bite sleeve and release the bite on
command of the instructor.

Long attack can biomechanically be divided, from start to bite, into phases of acceler-
ation, steady state running, deceleration and impact. Bite is the final result of the attack.
Various mathematical methods of calculating dogs’ bite force (i.e., the pressing force of
the dog’s jaws) post mortem have been published [5–10]. However, it has been suggested
that these methods underestimate the force measured from a living dog [7]. Some of the
studies on living dogs, in turn, have been undertaken by the method of anaesthetized dogs’
having electricity applied to their jaw musculature [7,11]. Functional force refers to the
force produced during a task that the dog performs actively that corresponds to one they
would perform as part of their daily life; work or sport. The results of the earlier studies
cannot be regarded as functional, not only because forces are measured from the tips of
certain teeth but also because the bite force has been passively induced, lacking conscious
control based on teeth’s proprioceptive feedback, as well as the influence of the dog’s biting
motivation. Whilst studies looking at various factors relating to dogs’ acceleration have
been published [12–14], deceleration has been mostly disregarded; and neither of the two
have been looked at in relation to police dog’s work.

The forces subjected to the working dogs’ musculoskeletal systems have not been
reported to date. Moreover, to our knowledge, there are no publications on work-specific
biomechanical factors, despite the obviously high level of physical demand in it. Measuring
task-related kinetic and kinematic values would yield important knowledge of associated
risks, providing information that can help when training dogs or in preventing and treating
occupational injuries.

The aim of this study was to develop and test a tool for measuring protection dogs’
functional bite force. Acceleration and impact-related values are also reported. We hypoth-
esized that the measurement sleeve developed as part of this study is reliable and produces
repeatable results of dogs’ bite force.

2. Materials and Methods

The study protocol was approved by the University of Helsinki Ethics Review Board
at Viikki Campus, Finland, and written consent was provided by dogs’ owner. The experi-
ments were conducted in accordance with the animal welfare regulations and guidelines
of Finland.

All Finnish police dogs in active duty (N = 240) were invited to participate in the study.
Based on statistical analysis and previous similar publication [15], 20 dogs were estimated
to be sufficient for testing the reliability of the measurement tool. Male police dog, either
GSD or BSDM, in active duty was the inclusion criterion. Exclusion criteria were dogs
not trained in use of force, dogs with any known mouth, tooth or musculoskeletal system-
related injury or disease, and dogs with findings at the veterinarian’s on-site assessment.

The dogs were weighed and their height at withers measured on site. Their general
health and ability to participate in the study were evaluated by a veterinarian, author Anu
K. Lappalainen (AKL). All dogs were warmed up according to their own routines prior
to performance, outside the testing arena, which was an indoor football arena with an
astroturf surface. Dogs wore a standard police dog harness, fitted to each dog individually.
All dogs were allowed to familiarize themselves with their surroundings—the indoor arena,
present personnel, the equipment at site and worn by them—before the data collection, to
ensure that no effect to dogs or their performance was seen due to these factors.

The bite force was measured by customizing a regular helper sleeve with measurement
equipment for the purposes of the study. A left-handed standard helper sleeve (HST Black
Line, HST, Čecht‰n, Czech Republic) was fitted with three force sensors (FC23 Series
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Compression Force Sensors, Measurement Specialties Inc., TE Connectivity company,
Fremont, CA, USA) (Figure 1) and rebuilt to maintain its original size, shape and bite
feel. The professional helper using the sleeve and a veterinarian (AKL) confirmed that
the modified helper sleeve resembled the original and that it was safe for the dogs. The
sensitivity of the sensors was 20 mV/V, input voltage 9 V and the full range of each sensor
113.4 kg = 1112.1 Newtons (N). The sensors were in parallel, and thus, the output was
20/3 � 9 mV = 60 mV for full range. The signal was amplified by a factor of 100 and the
data then collected using a LabQuest 2 data collector (Vernier Software and Technology,
Beaverton, OR, USA) using a voltage probe VP-BTA (�10 V–+10 V). The maximum force
that could be measured was thus 10 V/6 V�50 lbf = 420 lbf = 2000 N, corresponding to
200 kg. The sensors aimed to measure the biting force of the jaws of the dog. Above these,
a folio type of membrane was set (L-series sensor, Emfit Ltd. Sensor Products Division,
Vaajakoski, Finland) to measure the dynamic voltage and its changes, i.e., the pressing
force of each individual tooth. The membrane was covered with a 3 mm-thick rubber mat
and suede leather (original sleeve materials). The equipment on the helper is presented
in Figure 2. The aforementioned raw data were analysed using LoggerLite 1.7 software
(Vernier Software and Technology).

Figure 1. (1a) Left-hand bite sleeve with embedded measurement equipment. (1b) The bite sleeve
without the surface material. (1c) Three force sensors (indicated by arrows) fitted into the deepest
layer of the bite sleeves.
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Figure 2. Measurement equipment on the helper.

The helper was a professional police dog trainer, familiar to all of the dogs. All the
dogs were allowed to bite the sleeve once at the starting place before the actual test. The
helper instructed and approached each dog in a standardized manner. Dogs were handled
by their own police officer or trainer. There were no other dogs in the vicinity during
the testing. The long attack normally includes acceleration, steady state running and
deceleration over 30–40 m. We modified the task by decreasing the distance to 25 m due to
space limitation. The dogs were placed on a site on a line 25 m away from the helper. On
command, the dogs accelerated and attacked the helper, biting the sleeve. As the attack
was completed, the helper instructed the dog’s handler to give the release command, after
which the handler retrieved the dog and returned it to the starting position. Each dog
repeated the modified long attack three times.

All dogs’ performances were videotaped with a two-dimensional high-speed video
(Casio EX-FH20, Casio Computer Co., Ltd., Tokyo, Japan) with 224 � 168 recorded pixels
and 420 frames per second. The camera was set laterally from the line where the dog met
the helper, and vertically at the level of the helper’s arm and sleeve, 8 m away from the
meeting point of the dog and the helper, which was marked on the ground. The height of
the sleeve was kept at approximately 90 cm. The height of the helper was 181 cm, which
on the screen was 9.8 cm. This height was used as a reference on the screen, by which
the jump distance for the dogs was measured by using a coefficient of 18.5, based on the
helper’s height (181 cm/9.8 cm). Measurements were taken in millimeters on screen from
the cranial border of the toes of the limb last in contact with the ground before the bite, to
the toes of the helper. The computer screen was 33.8 cm in diameter, with resolution of
1440 � 900.

A three-dimensional (3D) accelerometer was attached to a fitted harness during all of
the repetitions of the modified long attack (Figure 3), to collect acceleration and deceleration
data (gravitational force equivalent, g) during the performance. Similar placement site
for the accelerometer was used, as in another recently published experiment [16]. The
3D acceleration was measured with a Vibration Sentry RT 64 g data logger (Convergence
Instruments, Sherbrooke, QC, Canada) using a recording rate of 100 Hz, saving the mean,
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maximum and minimum acceleration of each axis in 5 s epochs. In addition, a standard
police radar was used to measure the speeds of the dogs during acceleration.

Figure 3. Three-dimensional accelerometer attached to dogs’ harnesses.

A sample of 20 dogs was estimated to be sufficient for the reliability testing of the study,
but for the breed comparison-related methods, the unequal groups were small in number.
Due to the small sample size, non-parametric statistical methods were used to analyse the
data. For descriptive statistics, medians of pooled repeated measures were used. Using
the SPSS statistical software (Version 25, Microsoft, Armonk, NY, USA), Mann-Whitney
U-test was used to analyze the age, weight, height and bite force differences between
the two breeds. The same method was used to analyse the acceleration and deceleration
values. Reliability of the measurement sleeve was evaluated via Cronbach’s alpha and
intraclass correlation. Regarding Cronbach’s alpha, 0.70–0.95 is considered an acceptable
value for any test used in clinical human medicine [17]. The test-retest reliability, when
tested via intraclass correlation, is classified as follows: <0.5 = poor, 0.5–0.75 = moderate,
0.75–0.9 = good, >0.90 = excellent [18]. Level of statistical significance for all analyses was
set at p = 0.05. All results are reported as medians due to the use of non-parametric tests
and the small sample size.

3. Results

Twenty Finnish male police dogs, 7 GSDs and 13 BSDMs, participated in the study.
Different number of these dogs were used for the sleeve-related study section, and for the
acceleration-related study section, due to data corruption in either section for some dogs.
The descriptive information on the dogs used for these two study sections, and the two
breed groups within these groups, is presented in Table 1. Weight was the only statistically
different conformational factor measured between the groups: the GSDs were significantly
heavier (p = 0.001 for both groups) than the BSDMs.
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Table 1. Descriptive information on the dogs included in all study sections.

Dog Groups Number of Dogs Median Age in
Months (IQR)

Median Weight in
kg (IQR)

Median Height in
cm (IQR)

Sleeve-related study
sections

All dogs 18 53.0 (43) 31.8 (7.8) 63.0 (2.3)

German Shepherd Dogs 6 58.5 (11) 35.2 (5.2) 63.0 (2.5)

Belgian Shepherd Dogs, Malinois 12 35.0 (54) 30.2 (5.4) 63.0 (2.8)

Difference between the two breeds p = 0.250 p = 0.001 * p = 0.964

Acceleration-related
study sections

All dogs 20 56.5 (45) 32.5 (7.3) 63.0 (2.0)

German Shepherd Dogs 7 60.0 (11) 35.4 (8.0) 63.0 (2.0)

Belgian Shepherd Dogs, Malinois 13 41.0 (57) 30.6 (6.3) 63.0 (2.5)

Difference between the two breeds p = 0.351 p = 0.001 * p = 0.938

IQR = interquartile range; * = statistical significance.

The median (interquartile range (IQR)) bite force of all dogs was 269.7 (392.9) N. No
significant difference emerged in the median bite force, i.e., the pressing force of the jaw,
between the GSDs and the BSDMs (p = 0.151). The difference in median maximum force
between the breeds was 113.4 N (Table 2). The test-retest reliability of the sleeve was found
to be moderate to good, with an intraclass correlation of 0.75. Cronbach’s alpha was 0.75,
suggesting relatively high internal consistency for the measurement sleeve.

Table 2. Descriptive information on bite forces, jump distance and maximal acceleration and deceleration forces of the dogs
in this study.

Dog Groups Number of
Dogs

Median
Bite Force

(IQR)

Median
Jump Distance

(IQR)

Number
of Dogs

Median Maximal
Acceleration

(IQR)

Median Maximal
Deceleration

(IQR)

All dogs 17 269.7 (392.9)
N 1.2 (0.7) m 20 7.1 (2.0) g 11.6 (2.5) g

German
Shepherd Dogs 6 360.4 (628.6)

N 1.0 (0.4) m 7 7.1 (2.0) g 11.6 (2.5) g

Belgian Shepherd
Dogs Malinois 12 247.0 (289.8)

N 1.4 (1.0) m 13 7.1 (2.2) g 11.6 (2.2) g

N = Newtons; g = gravitational force equivalent; IQR = interquartile range, m = meters.

The dynamic voltage, i.e., the pressure of each individual tooth, could not be reported
due to it being higher than the expected values, exceeding the equipment’s measurement
capacity. One GSD and one BSDM had to be excluded from the sleeve and bite force-related
data analysis due to raw data corruption.

Acceleration (7.1 g) or deceleration (11.6 g) values of the two breeds did not show
statistically significant differences (p = 0.438 and p = 0.311, respectively) (Table 2). The radar
measurements were not successful in many of the dogs due to the dog being a small target
in a large space; only 3 GSDs and 10 BSDMs had a recorded value. The speeds ranged
between 35 km/h and 42 km/h (median 37 km/h, IQR 0 km/h) for GSDs, and between
29 km/h and 41 km/h (median 40 km/h, IQR 0 km/h) for BSDMs. The range of speeds
was from 29 km/h to 42 km/h for all 13 dogs (median 40 km/h, IQR 0 km/h).

The median distance of jump to the sleeve for all dogs was 1.2 m (IQR 0.7 m), and no
significant difference was present between the two breeds in the length of jump (p = 0.064)
(Table 2). One BSDM had to be excluded from the jump distance measurements due
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to poor video quality, and one GSD and one BSDM had to be excluded from the jump
distance-related data analysis due to raw data corruption.

4. Discussion

Based on our results, the measurement sleeve developed for this study is a reliable tool
for measuring protection dogs’ functional bite force. An important difference in our study
relative to previous ones is the different approach to the bite. Our aim was to measure the
functional bite force in a real-life situation, not just bite force. Studies on dogs’ functional
bite force are limited, and the only one to our knowledge is a paper by Lindner et al. (1995),
which presented the mean values for 22 different breeds of dogs that bit a steel rod coated
with a tasty leather. The mean bite force of the whole group was 256 N, varying between
13 N and 1394 N. Two of the dogs were Belgian Shepherd Dogs, Tervueren, and their bite
force was reported to be 137 N and 367 N. These values resemble the ones we recorded for
the BSDMs (median 246.8 N). However, Lindner’s results are not applicable to police or IGP
dogs. These dogs are trained protection dogs of certain breeds, with high motivation levels,
which bite the sleeve in conjunction with impact after a high speed. Moreover, the rod used
in Lindner’s study was not validated, nor was it studied for its reliability. Thus, our sleeve
seems to be the first reliability-tested method for measuring these forces functionally.

Bite force increases as the length of the dog’s muzzle decreases and the size of the
dog or its head increases [8]. In our study, the difference in the anatomical structures of
the head and temporomandibular joint between the two breeds, GSD and BSDM, was
not measured. Thus, the difference in bite force cannot be concluded based on this study.
Although the difference in bite forces between the breeds was clinically obvious: 113.4 N,
which corresponds to 31.5% of the GSDs’ and 45.9% of the BSDMs’ median force, it was
not statistically significant. The population regarding this part of our study was limited,
leading to a large variation in GSDs’ results and lack of a statistical difference between
the breeds. Thus, further studies to confirm our preliminary results regarding the normal
values of the two breeds are warranted.

To make our bite force-related findings more concrete, a comparison with human hand
grip force can be made. Albeit the measurement tools and methods between the human
hand grip studies and our study are not directly comparable, as the accuracy between
the measurement tools is not validated, the comparison of the actual amount of reported
forces is descriptive of the amount of functional forces involved in biting. The bite force
of the GSD jaws reported in our study corresponds to the average grip force of a 70- to
79-year-old man’s hand. The BSDMs’ bite force, in turn, corresponds to the mean grip force
of the hand of a man aged over 80 years [19]. This comparison clarifies the fact that the
jaws of the dog have limits to their force production ability, and they also are limited by the
structure and architecture of the temporomandibular joint and related structures; the pure
biting force of the jaws is actually not that large. The key to the grip and damage caused by
a dog’s bite are the teeth, but our study failed to record the tooth-by-tooth forces, as they
were so high that they exceeded our equipment’s capacity.

In a relatively short distance, 25 m, these dogs reached speeds of up to 42 km/h. The
dog’s acceleration towards the helper resulted in relatively high g-forces. With factors
related to rapid acceleration combined with high speed [16], there is a risk of tissue damage
already at the acceleration phase of the long attack. Again, to give a comparison with the
human world, the acceleration peaks recorded in our study (median 7.1 g) are markedly
higher than those experienced by formula one drivers during their races [20]. If continued
over extended periods of time, this level of acceleration forces would be destructive to
tissues; acceleration forces of 6–8 g over a period of 2–3 min have been shown to increase
dogs’ relative pulmonary vascular resistance [21]. An even more noteworthy finding
from our study was the deceleration values. The impact of the dog on the helper’s sleeve
exposed the dog’s tissues to forces as high as 13 g. Compared with the acceleration over
25 m, the deceleration when hitting the sleeve and the helper is distributed over a relatively
short period of time, thus making it more of a risk to the dog.
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Our results did not show a statistical difference between the breeds in jump distance
in their final approach. However, the fact that the BSDMs would jump to the sleeve at a
median of 1.4 m away, whereas the GSD would jump 0.43 m (69%) closer to the helper
suggests clinical importance, i.e., the one meter of difference in jump distance may, in
practice, have implications to the dogs’ musculoskeletal system and performance. The lack
of statistical significance surely arises from one of the biggest limitations of our study: the
small final number of dogs and the unequal breed groups. Nevertheless, the difference
between breeds’ performance techniques should be considered when training these two
common police and IGP dog breeds. Moreover, the qualitative aspect of the approach
should also be taken into account. While beyond the scope of our study, observations were
made regarding the body positions of the two breeds during the approach, and further
studies with larger sample sizes are warranted to investigate this aspect.

Several factors may have affected our results. The bite sleeve was a standard size
sleeve, the same size for all dogs, as it is in normal life. The size and shape of a dog’s
maxilla and mandible may affect the “grip” on the sleeve. One dog may open its mouth
wider, thus gripping a larger portion of the sleeve, whereas another dog has a shorter
mandible and is unable to bite with a “deep” grip. Based on basic physics, the closer the
bite is to the joint’s axis, the larger the force. The leverage of the temporomandibular joint
and the point of rotation in relation to the maxilla and mandible vary. This may affect the
bite force of the dog. A recently published study reports, that especially mandible shape
could be used as a predictor of bite force [22]. It has also been shown that the forces vary
between the biting and non-biting side muscles, depending on the position during the
bite [7]. The angle of our bite sleeve is approximately 50�. If a dog’s mouth is small, it
must open the mouth wider, likely resulting in a weaker bite force [23]. Yet another related
factor is that the dogs would not hit the helper and the sleeve identically, but would grab
the sleeve at various angles and various points in relation to the sensors. This may have
affected the bite force results.

Measuring functional performance of a dog may be affected by the personality and
mental state of the dogs. The dogs in our study group were of different experience levels
in this type of exercise. Despite using a familiar and standardized helper, some dogs might
still become more excited than others, impacting the results.

Albeit our inclusion criteria stated that only dogs with no known musculoskeletal or
mouth related issues would be included, and the dogs were assessed by a veterinarian,
they were not radiologically examined at the time. Thus, it is possible, that the dogs may
have had, for example osteoarthritis in their temporomandibular joints, it being the most
common disease related to the temporomandibular joint in dogs [24]. Osteoarthritis might
cause not only mechanical, but also pain-related limitations to the bite force [25].

In addition, the astroturf surface of the data collection site may have caused some
dogs to be more vary in their speed, acceleration and/or deceleration. Although astroturf
has not yet been studied for its effect on the dogs’ performance, relatively large amounts of
displacement of paws during running has been reported on grass and turf [26].

It is important to note that the study failed to establish the pressure of individual teeth.
All dogs bit in excess of our measurement tool’s available range (<300 N/cm2), clearly
exceeding the maximum. Despite the lack of results in this regard, this finding has great
clinical importance. People training these dogs should pay special attention to the health
of the mouth, teeth and the temporomandibular joint, as the pressure they can withstand
is key in bite performance, rather than the pressure force that the jaws can produce. This
aspect of functional bite force should be investigated further.

5. Conclusions

In conclusion, a bite sleeve for measuring functional bite force was developed and
found to be partially reliable. The functional bite force of two commonly used police dog
breeds was measured to be lower than generally assumed, whereas the acceleration and
deceleration values during the long attack were high. This should be taken into account
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when training dogs to long-attack types of task, as tooth, mouth, temporomandibular and
global musculoskeletal health may be at risk due to these forces.

Author Contributions: Conceptualization, H.K.H.; Methodology, H.K.H., M.H., A.K.L.; Software,
M.H.; Validation, H.K.H., M.H., A.K.L.; Formal Analysis, H.K.H., M.H., A.K.L.; Investigation, H.K.H.,
L.B., M.H., A.K.L.; Resources, H.K.H., M.H., A.K.L.; Data Curation, H.K.H., M.H., A.K.L.; Writing—
Original Draft Preparation, H.K.H., L.B., M.H., A.K.L.; Writing—Review and Editing, H.K.H., A.K.L.;
Visualization, H.K.H., L.B., M.H., A.K.L.; Supervision, H.K.H.; Project Administration, H.K.H.,
M.H.; Funding Acquisition, H.K.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding. Open access funding provided by University
of Helsinki.

Institutional Review Board Statement: University of Helsinki Viikki Campus Ethics Committee has
reviewed Heli Hyytiäinen, Anu Lappalainen and Outi Vapaavuori’s study in the board meeting on
3 June 2014. Ethics Committee finds that the study follows the Ethical principles of research and
state that the study is ethically acceptable. The study was conducted according to the guidelines
of the Declaration of Helsinki, and approved by the University of Helsinki Viikki Campus Ethics
Committee with protocol code 5/2014 and date of approval 16 June 2014.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data is not available due to ethical and privacy limitations, based on
the consent provided by the participants.

Acknowledgments: The authors thank the Finnish Police Dog Department and the police officers
and their dogs for participation in the study and Antti Tikkanen, Kirsti Lind and Anna Boström for
their assistance in data collection.

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

References
1. Finnish Police Dog Department. 2014. Police Dogs. Available online: http://www.poliisi.fi/poliisi/pkoira/home.nsf/pages/62

546524088EDA81C2256BAE002AF81F?opendocument (accessed on 30 May 2014).
2. Moore, G.E.; Burkman, K.D.; Carter, M.N.; Peterson, M.R. Causes of death or reasons for euthanasia in military working dogs:

927 cases (1993–1996). J. Am. Vet. Med Assoc. 2001, 219, 209–214. [CrossRef]
3. Peterson, M.R.; Frommelt, A.; Dunn, D.G. A study of the lifetime occurrence of neoplasia and breed differences in a cohort of

german shepherd dogs and belgian malinois military working dogs that died in 1992. J. Vet. Intern. Med. 2000, 14, 140–145.
[CrossRef] [PubMed]

4. F†d†ration Cynologique Internationale 2020 Regulations for the International Utility Dog Trials and the International Tracking
Dog Trial of the FCI. Available online: http://www.fci.be/en/Utility-Dogs-58.html (accessed on 19 February 2020).

5. Dessem, D. Interactions between jaw-muscle recruitment and jaw-joint forces in Canis familiaris. J. Anat. 1989, 164, 101–121.
6. Davis, J.L.; Santana, S.E.; Dumont, E.R.; Grosse, I.R. Predicting bite force in mammals two- dimensional versus three-dimensional

lever models. J. Exp. Biol. 2010, 213, 1844–1851. [CrossRef]
7. Ellis, J.L.; Thomason, J.J.; Kebreab, E.; France, J. Calibration of estimated biting forces in domestic canids: Comparison of

post-mortem and in vivo measurements. J. Anat. 2008, 212, 769–780. [CrossRef] [PubMed]
8. Ellis, J.L.; Thomason, J.; Kebreab, E.; Zubair, K.; France, J. Cranial dimensions and forces of biting in the domestic dog. J. Anat.

2009, 214, 362–373. [CrossRef] [PubMed]
9. Kiltie, R.A. Size ratios among sympatric neotropical cats. Oecologia 1984, 61, 411–416. [CrossRef] [PubMed]
10. Thomason, J.J. Cranial strength in relation to estimated biting forces in some mammals. Can. J. Zool. 1991, 69, 2326–2333.

[CrossRef]
11. Ström, D.; Holm, S. Bite-force development, metabolic and circulatory response to electrical stimulation in the canine and porcine

masseter muscles. Arch. Oral Biol. 1992, 37, 997–1006. [CrossRef]
12. Williams, S.B.; Tan, H.; Usherwood, J.R.; Wilson, A.M. Pitch then power: Limitations to acceleration in quadrupeds. Biol. Lett.

2009, 5, 610–613. [CrossRef] [PubMed]
13. Williams, S.B.; Usherwood, J.R.; Jespers, K.; Channon, A.J.; Wilson, A.M. Exploring the mechanical basis for acceleration: Pelvic

limb locomotor function during accelerations in racing greyhounds (Canis familiaris). J. Exp. Biol. 2009, 212, 550–565. [CrossRef]
[PubMed]

14. Walter, R.M.; Carrier, D.R. Rapid acceleration in dogs: Ground forces and body posture dynamics. J. Exp. Biol. 2009, 212,
1930–1939. [CrossRef] [PubMed]

http://www.poliisi.fi/poliisi/pkoira/home.nsf/pages/62546524088EDA81C2256BAE002AF81F?opendocument
http://www.poliisi.fi/poliisi/pkoira/home.nsf/pages/62546524088EDA81C2256BAE002AF81F?opendocument
http://doi.org/10.2460/javma.2001.219.209
http://doi.org/10.1111/j.1939-1676.2000.tb02227.x
http://www.ncbi.nlm.nih.gov/pubmed/10772484
http://www.fci.be/en/Utility-Dogs-58.html
http://doi.org/10.1242/jeb.041129
http://doi.org/10.1111/j.1469-7580.2008.00911.x
http://www.ncbi.nlm.nih.gov/pubmed/18510505
http://doi.org/10.1111/j.1469-7580.2008.01042.x
http://www.ncbi.nlm.nih.gov/pubmed/19245503
http://doi.org/10.1007/BF00379644
http://www.ncbi.nlm.nih.gov/pubmed/28311072
http://doi.org/10.1139/z91-327
http://doi.org/10.1016/0003-9969(92)90031-3
http://doi.org/10.1098/rsbl.2009.0360
http://www.ncbi.nlm.nih.gov/pubmed/19553249
http://doi.org/10.1242/jeb.018093
http://www.ncbi.nlm.nih.gov/pubmed/19181903
http://doi.org/10.1242/jeb.023762
http://www.ncbi.nlm.nih.gov/pubmed/19483011


Animals 2021, 11, 874 10 of 10

15. Lindner, D.L.; Marretta, S.M.; Pijanowski, G.J.; Johnson, A.L.; Smith, C.W. Measurement of Bite Force in Dogs: A Pilot Study. J.
Vet. Dent. 1995, 12, 49–52. [CrossRef] [PubMed]

16. Hayati, H.; Mahdavi, F.; Eager, D. Analysis of Agile Canine Gait Characteristics Using Accelerometry. Sensors 2019, 19, 4379.
[CrossRef] [PubMed]

17. Tavakol, M.; Dennik, R. Making sense of Cronbach’s alpha. Int. J. Med. Educ. 2011, 2, 53–55. [CrossRef]
18. Koo, T.K.; Li, M.Y. A Guideline of Selecting and Reporting Intraclass Correlation Coefficients for Reliability Research. J. Chiropr.

Med. 2016, 15, 155–163. [CrossRef] [PubMed]
19. Aromaa, A.; Koskinen, S. Health and Functional Capacity in Finland. Baseline Results of the Health 2000 Health Examination Survey;

Publications of the National Public Health Institute: Finland, 2002.
20. Hoyes, K.; Collins, D. Fit to race. Auto Medic. 2019, 16, 42–57.
21. Greenleaf, J.F.; Ritman, E.L.; A Chevalier, P.; Sass, D.J.; Wood, E.H. Spatial distribution of pulmonary blood flow in dogs in

increased force environments. J. Appl. Physiol. Respir. Environ. Exerc. Physiol. 1978, 44, 384–396. [CrossRef]
22. Brassard, C.; Merlin, M.; Guintard, C.; Monch¥tre-Leroy, E.; Barrat, J.; Bausmayer, N.; Bausmayer, S.; Bausmayer, A.; Beyer, M.;

Varlet, A.; et al. Bite force and its relationship to jaw shape in domestic dogs. J. Exp. Biol. 2020, 223, jeb224352. [CrossRef]
23. Dumont, E.R.; Herrel, A. The effects of gape angle and bite point on bite force in bats. J. Exp. Biol. 2003, 206, 2117–2123. [CrossRef]
24. Arzi, B.; Cissell, D.D.; Verstraete, F.J.M.; Kass, P.H.; DuRaine, G.D.; Athanasiou, K.A. Computed tomographic find-ings in dogs

and cats with temporomandibular joint disorders: 58 cases (2006–2011). J. Am. Vet. Med. Assoc. 2013, 242, 69–75. [CrossRef]
25. Goiato, M.C.; Zuim, P.R.J.; Moreno, A.; Dos Santos, D.M.; da Silva, E.V.F.; de Caxias, F.P.; Turcio, K.H.L. Does pain in the masseter

and anterior temporal muscles influence maximal bite force? Arch. Oral Biol. 2017, 83, 1–6. [CrossRef]
26. Angle, T.C.; Gillette, R.L.; Weijmar, W.H. Caudal paw displacement during movement initiation and its implications for possible

injury mechanisms. Vet. Comp. Orthop. Traumatol. 2012, 25, 397–401. [PubMed]

http://doi.org/10.1177/089875649501200202
http://www.ncbi.nlm.nih.gov/pubmed/9693626
http://doi.org/10.3390/s19204379
http://www.ncbi.nlm.nih.gov/pubmed/31658731
http://doi.org/10.5116/ijme.4dfb.8dfd
http://doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27330520
http://doi.org/10.1152/jappl.1978.44.3.384
http://doi.org/10.1242/jeb.224352
http://doi.org/10.1242/jeb.00375
http://doi.org/10.2460/javma.242.1.69
http://doi.org/10.1016/j.archoralbio.2017.06.029
http://www.ncbi.nlm.nih.gov/pubmed/22695713

