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Ground reaction force and impulse measurement is an established method for assessing the physical condition and efficacy of
treatment for some animals. +e primary aim of this study was to quantify the kinetic parameters of the limbs of healthy cats at
different speeds.+e second aimwas to determine the explicit relationship between the kinetic parameters and speed. Peak vertical
force (PVF), vertical impulse (VI), stance phase duration (SPD), and paw contact area (PCA) of each limb (forelimb, F; hindlimb,
H) of seven clinically healthy, client-owned cats were recorded in the speed interval of 0.5–2.5m/s. +e cats were encouraged to
pass by a pressure-sensitive walkway with different speeds. +e results revealed that there were no significant differences in any of
the tested parameters between the left and right forelimbs and the left and right hindlimbs. Means and regression formulas of the
kinetic parameters with speed were obtained. It was evident that PVF-F and PVF-H increased linearly with speed, while VI-F and
VI-H decreased exponentially. SPD-F was practically equal to SPD-H and exponentially decreased with speed. PCA-F increased
linearly with speed, and PCA-H was almost invariable. Pressure-sensitive walkway is a suitable and convenient equipment for
assessing the kinetic parameters of cats. Variation of these kinetic parameters with speed can be explained by the functional
difference for forelimb-dominant and hindlimb-driven.

1. Introduction

Ground reaction forces and impulses are used to assess
lameness induced by diseases (such as osteoarthritis, dia-
betes, and Parkinson’s disease) and the effect of treatment on
affected individuals [1–4]. +is effective method has also
been adopted for some animals to evaluate their health
condition and motion characteristics. Force plate analysis
has been used frequently to estimate the kinetic parameters
of dogs in a noninvasive manner [5, 6]. With the objective
measurement provided by force plate analysis, researchers
can acquire the motion characteristics of dogs. In addition,
force plate analysis has also been used to evaluate the efficacy
of treatments for perioperative or chronic pain associated
with osteoarthritis [7–9]. Furthermore, the objective mea-
surement can provide inspiration for engineering bionics
such as quadruped robots [10, 11]. Owing to the reliability
and effectiveness of this method, force plate analysis has

become an objective standard in the evaluation of canine
locomotion.

Cats have been selected as dynamic research objects of
several experimental studies that concentrate on the
movement of body segment, posture and equilibrium, or-
ganization of muscle reflexes during locomotion, and joint
mechanics [12–14]. Many studies have focused on feline
osteoarthritis for several reasons. Up to 30% cats suffer from
osteoarthritis, and its prevalence increases dramatically with
age; however, this disease is neglected in most cases [15, 16].
In addition, diagnosis of cats is challenging, as cats barely
tolerate complete orthopedic examinations [17, 18]. Fur-
thermore, the severity of lameness and pain cannot be de-
termined reliably using radiographs or orthopedic
examination, as these are not in accordance with the results
derived from force plate analysis [19, 20].

Although the combination of force plate with special
equipment has been used in several published studies, this
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system was not conveniently adopted for studying cats
[21–23]. Cats are smaller in size than dogs, and their gait
length is also shorter. Force platforms cannot readily be used
for cats as it must ensure that only one paw contacts the force
plate at a time.

+e peak vertical force will increase with the increasing
speed [24]. However, the explicit relationships of peak
vertical force and vertical impulse with speed are still un-
defined. Additionally, in order to reduce the impact on
measurement results, speed was restricted to a narrow in-
terval [25]. Data with speeds more than 2m/s are barely
explored.

+e first purpose of this study was to quantify the kinetic
parameters of healthy cats at different speeds using a
pressure-sensitive walkway. +e second purpose was to
determine the explicit relationships between the kinetic
parameters and speed.

2. Materials and Methods

2.1. Cat Care and Training. Seven healthy client-owned cats
(Chinese Felis silvestris catus) were selected for this study.
+e group consisted of 3 neutered females, 2 neutered
males, and 2 males. +e mean age and mean body weight
were 3 years and 3.1 kg, respectively. Prior to inclusion in
the study, all cats were considered clinically healthy based
on physical and orthopedic examinations by veterinarians.
+e cats were cared for in accordance with the China
Animal Health standards. Each one was trained to walk on
plywood without stopping, accelerating, and turning
around. However, almost all cats expressed fear or curiosity
and required time to acclimatize to the procedure. Affec-
tion, kibbles, toys, and luminous spots were used to en-
courage them to attain the desired walking scheme [24, 26].
Before data collection, all cats were accommodated in the
testing room for one week. +e feeding, sport, and training
activities before testing were performed in this week. +is
study was approved by the Mechanics Laboratory of
Jiangsu University, and owner consent was obtained for
each cat enrolled in this study [27].

2.2. Equipment andDataCollection. Kinetic parametric data
were collected using a pressure-sensitive walkway (Medical
Sensor 5101QL Animal Walkway System, Tekscan), which
was 447.0mm long, 111.8mm wide, and 0.102mm thick.
+e entire pressure-sensitive walkway surface was covered
with a thin, nonslip rubber mat to hide the measuring area
from the cats’ sight, protect the equipment, and prevent
slipping [28]. To ensure constant speed of each trial, the
walkway was embedded in the middle of a 6.0m long flush
runway. In addition, two transparent polyvinyl chloride
(PVC) fences were set on both sides of the runway to guide
the animals. Figure 1 shows the measurement system.
Equilibration and calibration were performed prior to data
acquisition according to the specifications. +e sampling
rate for this system was 100Hz [25]. Prior to data collection,
the body weight of each cat was determined on an electronic
scale.

+e speed was not restricted in the data collection
process, so the cats could move ahead freely with different
speeds (free-moving cats). To determine the speed and
acceleration of each trial, a high-speed video camera
(Olympus i-Speed) was used in synchrony with the pressure-
sensitive walkway. +e optical axis of the camera was set
perpendicular to the straight line of the cats walking along
the walkway. Figure 2 shows a frame of the stored data from
the high-speed video camera. +e sampling rate was 100 fps
[22]. A single observer evaluated each foot strike and de-
termined the validity of the trial [29].

2.3. Data Analysis. Peak vertical force (PVF), vertical im-
pulse (VI), stance phase duration (SPD), and paw contact
area (PCA) were processed using the Tekscan proprietary
software (Walkway 7.70). PVF and VI were normalized to
individual cat’s body weight (BW) and expressed as % BW
and % BW·s, respectively [30, 31].+e range of the measured
speed was 0.4–2.7m/s, and the adopted data were in the
interval of 0.5–2.5m/s. PVF, VI, SPD, and PCA were cal-
culated and presented as means± standard deviation.

2.4. Statistical Analysis. Scatter diagrams were initially used
to estimate data variation tendency. +ree types of statistical
analyses were performed to assess differences among each
pair of paws and potential correlativity of the kinetic pa-
rameters. +e Mann–Whitney test was used to compare the
left and right forelimbs, as well as the left and right hin-
dlimbs. Means, standard deviations, Mann–Whitney U
statistics, and the corresponding P values were calculated.
+is method was also adopted for comparing the forelimbs
and hindlimbs. Correlation analysis (Pearson’s correlation
coefficient r) was implemented to evaluate the potential
correlation between PVF, VI, SPD, PCA, and speed. Re-
gression analysis was performed to test the probable rela-
tionships of PVF, VI, SPD, and PCA with speed. Statistical
significance was set at P< 0.05 for all tests.

3. Results

Means of all trials at speeds between 0.50m/s and 2.5m/s,
symmetry ratio, and results of the Mann–Whitney test are
shown in Table 1. +e right and left forelimbs constituted a
pair, while the right and left hindlimbs constituted another
pair. PCA denoted the maximum contact area during the
contact phase. +ere were no significant differences between
the kinetic parameters of the left and right forelimbs and the
left and right hindlimbs, as each symmetry ratio was almost
equal to 1, and the significance levels (Sig.1) of all pairs were
more than 0.05. +e left and right pooled data were used in
subsequent statistical analyses. Results of the further
Mann–Whitney test indicated that the PVF and VI of
forelimbs were significantly higher than those of the hin-
dlimbs, for each P value was less than 0.001. As for SPD,
there was no significant difference between forelimbs and
hindlimbs (P � 0.57). +e PCA of forelimbs was statistically
higher than that of the hindlimbs, but not quite significant
(P � 0.01).
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+e results of correlation analysis and regression analysis
about pooled data are shown in Table 2. All the absolute values
of Pearson’s correlation coefficients weremore than 0.84, with
the exception of PCA-H. In addition, all P values were lesser
than 0.001, other than that for PCA-H.+ese results suggested
that speed correlated strongly with other kinematic param-
eters with the exception of PCA-H. High correlation coeffi-
cients manifested the rationality of regression analysis except
PCA-H. Furthermore, speed showed positive relationship
with PVF-F, PVF-H, and PCA-F and negative relationship
with VI-F, VI-H, SPD-F, and SPD-H.

Regression analysis was performed to further probe the
relationships between speed and all other kinematic parameters
with the exception of PCA-H. Scatter diagrams and regression
curves are shown in Figures 3–6. Regression formulas and
coefficients of determination (R2) are shown in Table 2.

As the speed increased from 0.5m/s to 2.5m/s, the span
of PVF-F and PVF-H was 52–103% BW and 46–71% BW,
respectively. Scatter diagrams of PVF-F and PVF-H with
speed showed an almost linear relationship because of which
linear regression was used (Figure 3). In addition, the co-
efficients of determination were 0.95 and 0.81 for these two

Table 1: Means of all trials and results of the Mann–Whitney test.

Items Limb Mean± SD Symmetry ratio
Mann–Whitney test Further Mann–Whitney test

Mann–Whitney U1 Sig.1 Mann–Whitney U2 Sig.2

PVF (% BW)

RF 77.31± 16.21 1.03± 0.04 296.00 0.75
569.00 <0.001LF 76.38± 16.28

RH 61.21± 8.89 1.02± 0.03 298.50 0.79LH 61.99± 9.74

VI (% BW·s)

RF 11.09± 3.23 0.99± 0.02 307.00 0.92
614.50 <0.001LF 11.13± 3.33

RH 8.96± 3.22 1.02± 0.03 296.50 0.61LH 9.24± 3.28

SPD (s)

RF 0.26± 0.11 1.01± 0.02 310.00 0.96
1168.00 0.57LF 0.26± 0.11

RH 0.26± 0.11 1.01± 0.01 307.50 0.92LH 0.27± 0.13

PCA (mm2)

RF 542.76± 43.60 1.05± 0.05 302.00 0.84
873.50 0.01LF 539.12± 41.17

RH 524.80± 28.65 0.98± 0.03 255.00 0.26LH 513.92± 33.76
RF, right forelimb; LF, left forelimb; RH, right hindlimb; LH, left hindlimb; SD, standard deviation; symmetry ratio, left/right; Sig.1 and Sig.2, significance
level.
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Figure 1: +e measuring system for cats.

Figure 2: Cat traversing the pressure-sensitive walkway.
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formulas, which indicated credible matching of linear re-
gression. PVF-F was 6–30% BW higher than PVF-H within
the speed range.+e same method was used for PCA-F, with
0.85 coefficient of determination.

VI-F and VI-H decreased from 0.19% BW·s to 0.08%
BW·s and from 0.18% BW·s to 0.06% BW·s, respectively,
within the speed range. +e exponential fitting method was
used on the basis of the tendency observed in the scatter
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Figure 3: Scatter diagrams and regression curves of PVF versus speed.

Table 2: Results of correlation analysis and regression analysis about pooled data.

Items Limb
Correlation analysis Regression analysis

r Sig. (2-tailed) Formula R2

PVF (% BW) F 0.98 <0.001 32.21V+ 29.56 0.95
H 0.84 <0.001 19.96V+ 29.66 0.81

VI (% BW·s) F −0.90 <0.001 13.41V−0.70 0.96
H −0.86 <0.001 11.19V−0.79 0.91

SPD (s) F −0.92 <0.001 0.33V−1.00 0.98
H −0.89 <0.001 0.34V−1.01 0.95

PCA (mm2) F 0.92 <0.001 73.18V+ 432.92 0.85H 0.14 0.52
F, forelimb; H, hindlimb; r, Pearson’s correlation coefficients; Sig. (2-tailed), two-tailed significance level; V, speed (m/s); R2, coefficient of determination.
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Figure 4: Scatter diagrams and regression curves of VI versus speed.
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diagrams. +is method was desirable as both the coefficients
of determination were more than 0.91. As the tendency of
both SPD-F and SPD-H was almost similar to that of VI
according to the scatter diagrams, the exponential regression
method was selected once more for SPD. +e high coeffi-
cients of determination (0.95 and 0.98) were indicative of
perfect regression. Furthermore, the maximum difference
between the SPD-F and SPD-H formulas was 4% in the
speed range, which indicated that the SPD-F was almost
identical to SPD-H. +us, a merged and simplified formula
was expressed as follows:

SPD � 0.34V
− 1

, (1)

where V is the speed (m/s).
Figure 6 shows the scatter diagram of PCA-H, and no

explicit tendency was discerned from the dispersive
distribution.

4. Discussion

In this study, the kinetic parameters of seven cats moving at
different speeds were collected. +ey were encouraged to
walk across a pressure-sensitive walkway with different
speeds. Data were accepted only if the cats traversed the
entire walkway in a straight line without any disturbance. To
ensure data reliability, readings for paw touching the
boundary of the pressure-sensitive walkway were discarded
throughout the experiment. Results of statistical analysis
revealed the internal relationships of PVF, VI, SPD, and
PCA with speed.

+e kinetic parameters of the right and left sides were
symmetrical, with only minor variations in our results,
which is comparable to those reported previously [24, 32].
Symmetry indicated the cats were healthy, as only nonlame
cats were included in this study [33]. Moreover, symmetry
was the precondition of pooled data for further analysis. +e
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Figure 5: Scatter diagrams and regression curves of SPD versus speed.
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Figure 6: Scatter diagrams and regression curves of PCA versus speed.
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PVF and VI of forelimbs were higher than those of the
hindlimbs, which is also in agreement with the results of
previous studies. A reasonable interpretation for the dif-
ferences in PVF and VI between forelimbs and hindlimbs is
the functional difference, for cats are forelimb-dominant and
hindlimb-driven [28, 34]. Only means of PVF and VI within
a speed range from 0.6m/s to 1.1m/s were calculated in
previous publications on healthy cats, in which the mean
values for PVF-F and PVF-H were 48.0–60.0% BW and
38.0–50.0% BW, respectively, while those for VI-F and VI-H
were 16.9–19.0% BW·s and 13.0–14.6% BW·s in [35]. To the
best of our knowledge, this is the first study to show explicit
relationships of PVF and VI with speed. Table 3 shows the
comparison of PVF and VI intervals from previous reports
and the regression formulas. +e results of our study are
slightly broader but close to the results of previous reports,
which confirms the validity and reliability of the regression
formulas. In general, PVF-F and PVF-H increased linearly
with speed, while VI-F and VI-H decreased exponentially.

Considering the similarity between the regression for-
mulas of SPD-F and SPD-H with respect to speed, the
formulation of a merged and simplified equation is un-
derstandable. SPD-F is practically equal to SPD-H and
decreases with increasing speed, which is in accordance with
the results of other studies [36, 37]. SPD of forelimbs and
hindlimbs almost decreased exponentially with speed
according to our study. Analogues of exact relationships are
scarcely available in previous publications. +e values of
SPD in previous reports calculated using the regression
formula are shown in Table 4. Our results overlap consid-
erably with the previous values with slight variations, which
confirms the reliability of the regression formulas.

According to the regression formulas mentioned above,
the parameters changed in certain relationships with speed.
+ese parameters are considered to be constant in a narrow
speed interval, which is acceptable. Previous studies have
obtained the means of these parameters but do not express
their relationships with speed, possibly because of a narrow
speed interval. In our study, the speed was not restricted, so
data of free-moving cats were obtained in a wider speed
interval. To the best of our knowledge, this is the first time
that data have been obtained at speeds more than 2.0m/s
and the widest speed interval (0.5–2.5m/s) in cat research. A
significant advantage of the regression formulas is their
suitability in a wide speed range.

With the same friction coefficient, the grip force in-
creased with the contact area for hyperelastic materials [38].
An almost linear rise for PCA-F with speed indicated that
the forepaws can provide higher braking force and steering
force for high-speed motion in cats. +is property is ben-
eficial for providing stability and security. As is evident in
cats, forelimbs are more important than hindlimbs for
weight bearing, maneuvering, and deceleration [39]. In
comparison, no explicit relationship of PCA-H with speed
can be deduced, as Pearson’s correlation coefficient is only
0.14. To a large extent, PCA-H is invariable in a wide speed
interval according to our study.

Different techniques have been used for basic kinetic
parametric research, disease, and drug therapy in several

species. Force plate analysis is more extensive than other
techniques as it generates more comprehensive data [40, 41].
Several studies have used the force plate for kinetic mea-
surements in cats. In each report, a peculiar platform was
constructed with suitable length to prevent more than one
paw from contacting the platform simultaneously
[19, 22, 27, 42]. Considering the hardware construction, the
short stride length of cats, and the way that the software
collects and processes data, a pressure-sensitive walkway is
more appropriate than a force plate for cats [43]. One
disadvantage of the pressure-sensitive walkway is its inability
to capture all the ground reaction forces such as the cra-
niocaudal and mediolateral forces [44]. To the best of our
knowledge, this study adopts the densest pressure-sensitive
walkway (15.5 sensors per square centimeter) for kinetic
parameter measurement of cat pads, which provides more
reliable and detailed data.

Speed has a strong impact on other kinematic param-
eters [45]. Most studies focus on the diagnosis of diseases
and analysis of the therapeutic effect of drugs because of
which comfortable speeds were selected [46, 47]. Some
researchers collected data in a short period after the cats
were acclimatized to the environment and equipment. +ey
observed that even without an extensive acclimatization or
training period, reliable results can be produced in a uniform
population of domestic cats [28]. However, in our experi-
ence, reliable data are difficult to obtain after a short period
of familiarization because cats move at asymmetrical speeds
due to fear, hesitation, crouching, and rolling. Data acquired
under this condition do not represent normal behavior. At
least two possible aspects are responsible for the objectivity
and wide range of the data in our study. First, the cats were
sufficiently acclimatized to the environment, manipulators,
experimental facilities, and the process before the com-
mencement of research. +ey could sport in the lab com-
fortably on their own because of which the data reflected
their normal motion. Second, several means such as kibbles,
toys, canned food, and affection were used to allure the cats.
+ey passed by the pressure-sensitive walkway at different
speeds. +e results were discarded for speed variations of
more than 0.1m/s in a measurement [39].

+e kinetic parameters measured in our study are
comparable to those in previous reports, which suggest that
the pressure-sensitive walkway can be used to evaluate cats.
Measurement results can be used to evaluate clinical cases
that suffer from osteoarthritis and evaluate the efficacy of
treatments. In future, this approach will be used to estimate
the pressure distribution of cat pads.

Discrepancies between our results and those of others
may be because of different kinematic patterns between
breeds [29, 48]. Despite our speculations, we must em-
phasize that the discrepancies may also result from other
factors such as speed, acceleration, equipment type, cali-
bration, body weight, and size.

+is study still has certain limitations. Owing to the
restrictions of the pressure-sensitive walkway, only vertical
forces and impulses were analyzed. In fact, craniocaudal and
mediolateral forces and impulses, which provide accelera-
tion, braking, and steering forces, are significant factors
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determining dynamics and stability [27, 34]. +e cat breed
was another limitation. +e seven cats selected for this study
belong to the same breed. Hence, caution should be exer-
cised when applying data from this study because of possible
discrepancies between breeds.

5. Conclusions

+e pressure-sensitive walkway provides an objective esti-
mation of biomechanical characteristics of cats moving at
different speeds.+ere are no significant differences between
the left and right forelimbs and the left and right hindlimbs
for any of the reported parameters. Based on the results in
the speed interval of 0.5–2.5m/s, explicit relationships be-
tween the kinetic parameters and speed were preliminarily
acquired. PVF-F and PVF-H were concluded to increase
linearly, while VI-F and VI-H decreased exponentially with
speed. SPD-F was practically equal to SPD-H and expo-
nentially decreased with speed. PCA-F increased linearly
with speed, compared to the almost invariable PCA-H. +e
possible interpretation for these different relationships is
functional distinction. Cats are forelimb-dominant and
hindlimb-driven.
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