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Background. Locomotion results from the generation of ground reaction forces (GRF) that
cause translations of the center of mass (COM) and generate moments that rotate the
body around the COM. The trot is a diagonally-synchronized gait performed by horses at
intermediate locomotor speeds. Passage is a variant of the trot performed by highly-
trained dressage horses. It is distinguished from trot by having a slow speed of progression
combined with great animation of the limbs in the swing phase. The slow speed of passage
challenges the horse’s ability to control the sagittal-plane moments around the COM.
Footfall patterns and peak GRF are known to differ between passage and trot, but their
effects on balance management, which is defined as the ability to control nose-up/nose-
down pitching moments around the horse’s COM, are not known. The objective was to
investigate which biomechanical variables influence pitching moments around the COM in
passage. Methods. Three elite dressage horses were captured by a 10-camera motion
analysis system (120 Hz) as they were ridden in passage over 4 force platforms (960 Hz).
A full-body marker set was used to track the horse’s COM and measure balance variables
including total body center of pressure (COP), pitching moments, diagonal dissociation
timing, peak force production, limb protraction-retraction, and trunk posture. Twenty@
passage steps were extracted and partial correlation (accounting for horse) was used to
investigate significant (P<0.05) relationships between variables. Results. Hind limb mean
protraction-retraction correlated significantly with peak hind limb propulsive forces
(R=0.821; P<0.01), mean pitching moments (R=0.546, P=0.016), trunk range of motion,
COM craniocaudal location and diagonal dissociation time (P<0.05). Discussion. Pitching
moments around the COM were controlled by a combination of kinematic and kinetic
adjustments that involve coordinated changes in GRF magnitudes, GRF distribution
between the diagonal limb pairs, and the moment arms of the vertical GRFs. The moment
arms depend of hoof placements relative to the COM, which were adjusted by changing
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limb protraction-retraction angles. Nose-up pitching moments could also be increased by
providing a larger hind limb propulsive ground reaction force.

Peer] reviewing PDF | (2017:07:19207:0:1:NEW 17 Jul 2017)



Peer]

1 An exploration of strategies used by dressage horses to control
2 moments around the center of mass when performing the passage

Keywords: dressage horse, ground reaction force, center of pressure, pitching moments, balance
5 control

7  Hilary M. Claytoncresp. 1 and Sarah Jane Hobbs?
1Department of Large Animal Clinical Sciences, Michigan State University, East Lansing, M|
48824, USA.

2University of Central Lancashire, Preston, Lancashire, UK

8
*Corresponding author: Hilary Clayton
e-mail address: claytonh@cvm.msu.edu
9
10

Peer] reviewing PDF | (2017:07:19207:0:1:NEW 17 Jul 2017)


mailto:claytonh@cvm.msu.edu

Peer]

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Abstract

Background. Locomotion results from the generation of ground reaction forces (GRF) that
cause translations of the center of mass (COM) and generate moments that rotate the body
around the COM. The trot is a diagonally-synchronized gait performed by horses at intermediate
locomotor speeds. Passage is a variant of the trot performed by highly-trained dressage horses. It
is distinguished from trot by having a slow speed of progression combined with great animation
of the limbs in the swing phase. The slow speed of passage challenges the horse’s ability to
control the sagittal-plane moments around the COM. Footfall patterns and peak GRF are known
to differ between passage and trot, but their effects on balance management, which is defined as
the ability to control nose-up/nose-down pitching moments around the horse’s COM, are not
known. The objective was to investigate which biomechanical variables influence pitching
moments around the COM in passage.

Methods. Three elite dressage horses were captured by a 10-camera motion analysis system (120
Hz) as they were ridden in passage over 4 force platforms (960 Hz). A full-body marker set was
used to track the horse’s COM and measure balance variables including total body center of
pressure (COP), pitching moments, diagonal dissociation timing, peak force production, limb
protraction-retraction, and trunk posture. Twenty passage steps were extracted and partial
correlation (accounting for horse) was used to investigate significant (P<0.05) relationships
between variables.

Results. Hindlimb mean protraction-retraction correlated significantly with peak hindlimb
propulsive forces (R=0.821; P<0.01), mean pitching moments (R=0.546, P=0.016), trunk range

of motion, COM craniocaudal location and diagonal dissociation time (P<0.05).
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Discussion. Pitching moments around the COM were controlled by a combination of kinematic
and kinetic adjustments that involve coordinated changes in GRF magnitudes, GRF distribution
between the diagonal limb pairs, and the moment arms of the vertical GRFs. The moment arms
depend of hoof placements relative to the COM, which were adjusted by changing limb
protraction-retraction angles. Nose-up pitching moments could also be increased by providing a

larger hindlimb propulsive ground reaction force.

Introduction

Horses are cursorial animals capable of performing a wide repertoire of gaits over a large range
of speeds. In the past, the horse’s locomotor prowess was exploited in transportation, warfare
and agriculture but is now primarily important in equestrian sports, three of which @\ncluded
in the Olympic Games. The growth of equestrian sports has led to an upsurge of interest in the
physiological and biomechanical characteristics of the performance of elite equine athletes. One
of the Olympic equestrian sports is dressage in which horses perform natural and artificial gaits
in a variety of patterns that are designed to demonstrate an advanced level of control of
locomotor kinematics and kinetic@ghly-trained dressage horses offer a unique opportunity to

study the mechanics of equine locomotor performance and balance control.

During locomotion, the limbs generate ground reaction forces (GRF) that translate the COM and
create turning forces (moments) around the COM. Sagittal-plane moments around the COM

cause pitching rotations of the horse’s body in a nose-up or nose-down direction. When traveling
at constant speed, the net sagittal plane moments over an entire stride sum to zero. Good balance

implies the ability to minimize pitching rotations of the trunk by controlling sagittal plane
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moments. In horses trotting at moderate speed, three fundamental motor control strategies are
used to balance sagittal-plane pitching moments (Hobbs, Bertram & Clayton, 2016@1686 are
temporal dissociation of the diagonal limbs at landing (diagonal dissociation), adjustment of
craniocaudal hoof contact position relative to the COM by changing limb protraction-retraction,

and alteration of the vertical force distribution between concurrently-loaded fore- and hindlimbs.

Highly-trained dressage horses perform a slow, majestic type of trot called passage, which
demonstrates the highest degree of collection, elevation of the forehand, cadence and suspension
in the trot (Fédération Equestre Internationale, 2014). These requirements present a challenge
with regard to managing pitching moments and some dressage horses fail to reach the highest
levels of competition due to an inability to learn the skills necessary to stabilize their trunk in

passage@though passage is defined as a two-beat gait, hind-first diagonal dissociation occurs
consistently on landing (Holmstrom, Fredricson & Drevemo, 1994; Clayton, 1997; Weishaupt et
al., 2009) and this has been shown to influence pitching moments at trot (Hobbs, Bertram &
Clayton, 2016). Postural characteristics of passage that distinguish it from trot include reduced
ranges of limb protraction-retraction (Holmstrom, Fredricson & Drevemo, 1995; Weishaupt et
al., 2009) which affect hoof contact positions relative to the proximal limb segments, the point of

limb articulatio,@nd the COM location throughout stance. Also, all limbs generate higher

vertical impulses in passage than in trot with a relatively greater increase in the hindlimbs

compared with the forelimbs (Holmstrom, Fredricson & Drevemo, 1995; Clayton, Schamhardt &

Hobbs, 2017). These findings suggest that horses may use all three of the motor control
strategies described for the trot to manage their posture and control pitching moments when

performing the technically difficult movement of passage.
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This study was designed to explore the intricacies of balance control in passage, which will lead
to a better understanding of the mechanisms available to quadrupeds for managing moments
around the COM. On a practical level, the insights gained will elucidate understanding the
training challenges and inherent physical limitations that make it difficult for some horses to
perform passage. The specific aim was to identify biomechanical variables that affect the horse’s
control of moments around the COM in passaging horses. We predict that all three motor control
strategies, which involve manipulation of temporal kinematics, linear kinematics and GRFs, will
have a demonstrable effect on the horse’s posture, represented in the sagittal plane by the
orientation of the trunk, and the moments around the COM. Thus, the experimental hypotheses
are that diagonal dissociation, limb protraction-retraction, and fore:hind vertical force
distribution affect trunk inclination and pitching moments around the horse’s COM during

passage.

Materials and Methods
The study was performed with approval from the Michigan State University Institutional Animal

Care and Use Committee under protocol number 02/08-020-00.

Experimental Data Collection
All horses were judged by an experienced veterinarian to be free from lameness when trotting in
a straight line. They were accustomed to the laboratory environment before data collection

commenced.
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102  Retro-reflective markers secured to the skin were tracked at 120 Hz using a 10-camera Motion
103  Analysis System (Motion Analysis Corporation, Santa Rosa, California, USA) to acquire a full
104  body kinematic model of the horse as described in (Hobbs, Richards & Clayton, 2014) with the
105 omission of trunk tracking markers T10-T18. Three Lusitano elite dressage horses; mass 607 + 9 @
106 kg ridden by the same highly experienced rider; mass 61.5 kg were used for the study. The

107 horses warmed up in a riding arena prior to data collection. Once suitably prepared they

108 performed a series of trials of passage along a runway in which a series of four force plates

109 (Bertec Corporation, Columbus, Ohio, USA) recording at 960 Hz were embedded. Successful
110 trials were those in which the horses moved straight and consistently through the data collection
111 volume with only one hoof at a time being in contact with each force plate.

112

113 The timings of hoof contacts and lift offs were identified from the force data using a threshold of
114 50 N. Diagonal steps for the left forelimb and right hindlimb pair (LFRH) and the right forelimb
115 and left hindlimb pair (RFLH) were extracted when they were availabre- Summed fore- and

116 hindlimb GREF for each diagonal step were calculated and the time of zero summed longitudinal
117  force (Tzero) was used to separate br@@ and propulsive phases.

118

119 Variables of interest were chosen based on those identified by Hobbs, Bertram & Clayton (2016)
120 as being important to the management of pitching moments during trotting. Craniocaudal COM
121 location relative to the diagonal hoof placements was calculated from the distance by which the
122 COM was behind (caudal to) the grounded fore hoof divided by the distance between the

123  diagonal fore and hind hooves. Body COP location was determined based on the magnitudes of

124  the vertical forces in the fore- and hindlimbs combined with knowledge of the COP locations of

=
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concurrently-loaded hooves. The instantaneous location of the body COP was then expressed
relative to the base of support as the relative distance to the pom@n of the grounded fore hoof
divided by the distance between the diagonal fore and hind hooves. The body’s COM and COP

locations were therefore reported as ratios with higher values indicating greater proximity to the

hind hoof.[O)]

Moments about the COM due to the effect of GRFs (MGRF) (Nm/kg) were determined over
time for each diagonal step (Hobbs, Richards & Clayton, 2014) and mean values were calculated
separately for braking and propulsive phases with positive values representing a nose-down
moment. Peak vertical force (GRFV) (N/kg) and the time taken to reach peak force (T) (%

stance) were measured for each limb.

Diagonal dissociation time (DIS) (s) was calculated as the time elapsing between hind and fore
contacts of each diagonal pair with the value of hind-first contacts being designated positive and
fore-first contacts being designated negative. Limb protraction and retraction angles were
measured relative to the vertical by representing the forelimb/hindlimb as a line from the tuber
spinae scapulae/greater femoral trochanter to the center of rotation of the distal interphalanegeal
joint. Protraction was negative, retraction was positive. Mean protraction-retraction angles over

the entire stance phase were calculated for the fore (P-Rg) and hind (P-Ry) limbs.
Trunk posture was represented by the inclination relative to the horizontal of a line from the @

cervical C6/C7 junction cranially to the second coccygeal vertebra (CA2) caudally. Positive

values indicated CA2 was higher than C6/C7 junction. The range of trunk angular motion

Peer] reviewing PDF | (2017:07:19207:0:1:NEW 17 Jul 2017)


catherine.shine
Highlight

catherine.shine
Sticky Note
Confusing wording, I'm struggling to figure out exactly how you measured this.

catherine.shine
Highlight

catherine.shine
Sticky Note
This is a good, clear final sentence!

catherine.shine
Highlight

catherine.shine
Sticky Note
Again, this is slightly unweldy phrasing. I know what you mean, but its not easy to read.


Peer]

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

(ROM7) and mean trunk inclination (INCr) during each diagonal step (degrees) were calculated
to represent measures of dynamic posture, as described by Hobbs, Bertram & Clayton (2016).
All variables of interest were calculated in Visual 3D (C-Motion Inc., Germantown, Maryland,

USA).

Data Analysis

Tabulated data were imported into SPSS (IBM Corporation, Armonk, New York, USA) for
analysis. Data were tested for normality using a Kolmogorov—Smirnov test and all variables were
found to be normally distributed except mean forelimb protraction-retraction angle, which was
log transformed. Partial correlations (Morrison, 1976) controlling for horse were used to
determine the relationships between variables and to evaluate balance strategies where

significant relationships existed. Significance was set at P<(.05.

Results

All variables of interest were pooled, which provided a total of 20 steps from the 3 horses, (10
steps from each diagonal pair). Mean and standard deviation (s.d.) are reported for each variable
for the pooled data in Table 1, together with the correlations between variables, significance
levels and a subjective classification of the variables into the three motor control strategies
previously identified (Hobbs, Bertram & Clayton, 2016). Standing COP location was (mean =+
s.d.) 0.4 = 0.00 (ratio), indicating that the fore:hind vertical force distribution ratio was 60:40.

Standing trunk inclination was 11.9 £ 0.01 degrees for the three horses.
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The COM moved fmﬁd at an average speed of 1.22 + 0.18 m/s. Relative to the grounded limbs
it was positioned at about 70% of the distance from forelimbs to hindlimbs at the start of stance
then progressed forward to a position 20-40% of diagonal distance behind the forelimb at lift off.
Greater mean hindlimb protraction placed the hind hoof significantly (R=-0.771; P<.01) closer to
the COM and significantly (R=0.546; P<.05) increased nose up moments during propulsion

(Table 1).

The hind hoof was predominantly the first of the diagonal pair to contact the ground, and when
this occurred the COP initially coincided with the hind hoof position, then moved forward
gradually until it coincided with the position of the fore hoof, which was always the last hoof to
lift off. Through most of stance the COP tracked the COM quite closely (Figure 1), which was
achieved by adjusting the relative distribution of the vertical GRF between the fore- and
hindlimbs; as the COP moved closer to the fore hoof, the forelimb supported a greater proportion

of the total vertical GRF.

Trunk inclination had strong negative correlations with the positions of both the COM and COP
(Table 1), such that greater elevation of the forehand was associated with closer proximity of the

COM and COP to the hind hoof.

The moments around the COM due to the vertical and longitudinal GRFs tended to act in
opposite directions through much of stance, which had the effect of keeping the total moments
around the COM relatively small. The net moment was nose-down in early diagonal stance and

nose-up in late stance. Post hoc correlations were performed between limb protraction-retraction
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193 angles and peak longitudinal forces to further explore the influence of hoof placement on

194 balance. A strong relationship was found between a more retracted mean angle of the hindlimb
195 and peak hindlimb longitudinal propulsive (R=0.821; P<.01) and braking (R=0.654; P<.01)

196 forces. There was also a significant relationship between smaller mean forelimb protraction

197 angle and higher peak forelimb propulsive force (R=0.581; P<.01). @

198

199 Discussion

200 Dressage training develops the horse’s ability to move with good posture, which involves

201 maintaining the trunk in an uphill (nose-up) orientation, and minimizing the sagittal plane trunk
202 rotations. Under these conditions the horse is described as being in good balance and self-

203 carriage (Fédération Equestre Internationale, 2014). The study described here has advanced our
204 understanding of how dressage horses achieve these objectives by identifying kinematic and
205 kinetic variables that are associated with elevation of the forehand and reduction of pitching
206 moments around the COM in passage.

207

208  Dressage doctrine indicates the desirability of the hind hoof stepping further forward relative to
209 the trunk segmer@ur findings support the importance of hindlimb protraction in relation to
210 elevation of the forehand in passage and suggests that, if hindlimb protraction is limited by

211 conformation or disease, the horse will have difficulty performing passage. The range of

212 hindlimb protraction-retraction during the stance phase is smaller in passage compared with trot

213 due to a combination of less protraction and less retraction (Holmstrom, Fredricson & Drevemo,

214 1995). Despite the smaller range of motion and the desirability of greater hind limb protraction in
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passage, the mean hindlimb protraction-retraction angle reported here is similar to that for horses

trotting in hand (Hobbs, Bertram & Clayton, 2016).

For a horse moving at constant speed, longitudinal GRFs and COM moments over an entire
stride should sum to zero. Pitching moments are due to the effects of the GRFs acting at a
distance from the COM and to the inertial effects associated with movements of the body
segments (Hobbs, Richards & Clayton, 2014). With regard to GRF moments, hindlimb vertical
GRF and longitudinal braking GRFs create nose-down moments, whereas forelimb vertical GRF
and longitudinal propulsive GRFs create nose-up moments. The moment arms of the vertical
force components depend on the longitudinal proximity of the hoof to the COM. The moment
arms of the longitudinal GRFs are related to limb lengths. Greater hindlimb protraction places
the hind hoof closer to the COM, thereby reducing the moment arm of its vertical GRF. In
trotting, hindlimb vertical GRF is the main contributor to a nose-down moment (Hobbs, Richards
& Clayton, 2014) but this was not the case in passage in which pitching was controlled by
manipulating both the vertical and longitudinal GRF moments (Figure 1). Hindlimb propulsive
force, which contributes to the nose-up moment, is larger in passage than collected trot (Clayton,
Schamhardt & Hobbs, 2017) and is correlated with increased hindlimb retraction. The ability to
use the longitudinal GRF to generate a larger nose-up moment during hindlimb retraction offers
a mechanism to combat the increase in nose-down moment associated with the higher hindlimb

vertical GRF. Positioning the hindlimb closer to the COM might be expected to increase its
weight-bearing responsibility (Holmstrom, Fredricson & Drevemo, 1994) but, in fact, hindlimb

protraction-retraction was not related to hindlimb peak vertical GRF. In contrast, mean forelimb

angulation is more protracted in passage than collected trot (Weishaupt et al., 2009), which
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positions the forelimb further away from the COM and forelimb angulation is correlated with a
higher peak vertical GRF in the hindlimbs. So the increased weight-bearing responsibility of the
hindlimbs is effected by positioning the forelimbs further from the COM throughout the stance

phase.

In trotting horses, COP position changes only a little during the middle part of stance with the
largest movement occurring in horses that show hind-first diagonal dissociation (Hobbs, Bertram
& Clayton, 2016). At the same time, the COM is moving forward at almost constant speed and,
consequently, the position of the COP relative to the COM changes continuously through stance
(Hobbs & Clayton, 2013). In passage, the COP tracks the COM much more closely as a
consequence of continual adjustments in the vertical GRF ratio between the diagonal limbs such
that the relative contribution of the forelimb increases as stance progresses causing the COP to
move closer to the forelimb at a rate similar to the forward progression of the COM (Hobbs,
Bertram & Clayton, 2016). When the COP follows the COM more closely, it decreases the
moment arm lengths of the vertical GRF, which may be a strategy to reduce moments around the
COM. A similar technique is used by trotting dogs during moderate acceleration and deceleration
(Lee, Bertram & Todhunter, 1999). During acceleration the limbs act in a more retracted position
that favours the development of longitudinal propulsive forces and during deceleration the limbs
are held in a more protracted position to facilitate the application of braking forces. The skewed
limb positions help to align the resultant GRF vector so it passes close to the COM, thereby

reducing the effective moment arm length and, therefore, moments around the COM.
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It is difficult to identify owners who are willing to make top quality horses available for research
and the opportunity to work with horses of this calibre is unusual, though the small number of
horses is acknowledged as a limitation to the present study. All horses were of the same breed
and ridden by the same rider. However, a previous study (Clayton, Schamhardt & Hobbs, 2017)
reported no significant differences in the GRFs generated in passage by Lusitano horses versus

Dutch warmblood horses, suggesting that passage is performed similarly across breeds.

Conclusions

The mean pitching moments around the horse’s COM were managed differently in passage than
during trotting with both the timing and position of limb contacts playing a role. Adjustments in
the fore- and hindlimb vertical GRF, together with a slower forward COM velocity allowed the
COP to track the COM more closely in passage than in trot. Since this reduced the effective
moment arm lengths of the vertical GRFs, pitching moments were particularly sensitive to
vertical force magnitudes. In trotting, the largest contributor to the nose-down moment is the
hindlimb vertical GRF. In passage, the effect of a relative increase in hindlimb vertical GRF in
creating a nose-down moment was somewhat countered by either a more protracted hindlimb
position, which shortened its moment arm, or by an increase in hindlimb longitudinal propulsive
GRF, which increased the nose-up moment. Given the complexity of the kinematic and kinetic
adjustments required to control pitching moments in passage, it is not surprizing that some

horses fail to learn the biomechanical skills necessary to perform this movement well.
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319 Table Legend
320 Table 1: Mean and (standard deviation) for pooled data of 20 steps of passage and relationship
321 Dbetween variables (accounting for horse). Shaded boxes indicate the balance strategy

322 classifications of the variables. Significance; * P<.05, **P<.01
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Figure Legend

Figure 1: Translations of, and moments around, the horse’s center of mass during one stride of
passage. Data for the right fore and left hind diagonal are shown on the left and the left fore and
right hind diagonal are shown on the right. A: Center of mass (COM) and center of pressure
(COP) locations are shown relative to the grounded forelimb and expressed as a fraction of
diagonal distance. B: Moments around the center of mass (Nm/kg). MGRF: total moments
around the center of mass due to the effect of the ground reaction forces; MGRFy: moments due

to vertical force production; MGRF. moments due to longitudinal force production.
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Table 1(on next page)

Mean and (standard deviation) for pooled data of 20 steps of passage and relationship
between variables (accounting for horse).

Shaded boxes indicate the balance strategy classifications of the variables. Significance; *
P<.05, *P<.01
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Table 1

Variable Mean (s.d.) M](B}FF MgrRF ROMy INGy COM DIS Tr T P-Re P-Ry COP G\I/{FF (ifliF
hé\?ﬁ(;r 0.39 (0.32) 1
1\(/11\?“1]1{( gf;r -0.19(0.32) | -0.317 1

ROM; (deg) 2.71(1.15) | 0237  -0.754%* 1

INCy (deg) 8.03 (1.34) 0.082 -0.066 0.000 1

COM (ratio) 0.42 (0.03) -0.266 -0.272 0.345 -0.634%* 1

DIS (s) 0.03 (0.03)

Tr (% stance) 0.46 (0.06)

Ty (% stance) 0.40 (0.06)

P-R; (deg) -6.16 (1.81) | 0.289 -0.019 0.143 0.538* -0.385 -0.315  -0.016  0.208 1

P-Ry; (deg) -1.57(2.26) | 0.037 0.546*  -0.729%** 0.299 -0.771**  -0.515*  0.355  -0.033  0.104 1

COP (ratio) 0.43 (0.04) | -0.085 0.068 0.011 -0.650**  0.506* 0.440  -0.196 -0.001 -0.444 -0.238 1

GRFV; (N/kg) 9.56 (0.94) 0.182 0.348 -0.125 0.186 0.071 -0.056  -0.496 -0.042  0.410 0.025 0.002 1

GRFVy (N/kg) 7.68 (0.54) 0.412 -0.274 0.316 0.331 -0.136 -0.094  -0.138  -0.033 0.550* 0.032 -0.393 0.428 1

Key:
_ Balance strategy 1: Relative fore-aft contact timing

Balance strategy 2: Foot contact position

Balance strategy 3: Fore-aft vertical force distribution
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Figure 1

Translations of, and moments around, the horse’s center of mass during one stride of
passage.

Data for the right fore and left hind diagonal are shown on the left and the left fore and right
hind diagonal are shown on the right. A: Center of mass (COM) and center of pressure (COP)
locations are shown relative to the grounded forelimb and expressed as a fraction of diagonal
distance. B: Moments around the center of mass (Nm/kg). MGRF: total moments around the
center of mass due to the effect of the ground reaction forces; MGRF,: moments due to

vertical force production; MGRF,. moments due to longitudinal force production.
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