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Abstract Here we examine how different emotions -
happiness, fear, sadness and anger - affect the kinemat-
ics of locomotion. We focus on a compact representa-
tion of locomotion properties using the intersegmental
law of coordination (Borghese et al 1996), which states
that, during the gait cycle of human locomotion, the
elevation angles of the thigh, shank and foot do not
evolve independently of each other but form a planar
pattern of co-variation. This phenomenon is highly ro-
bust and has been extensively studied. The orientation
of the plane has been correlated with changes in the
speed of locomotion and with reduction of energy ex-
penditure as speed increases. An analytical model ex-
plaining the conditions underlying the emergence of this
plane and predicting its orientation reveals that it suf-
fices to examine the amplitudes of the elevation angles
of the different segments along with the phase shifts be-
tween them (Barliya et al 2009). We thus investigated
the influence of different emotions on the parameters di-
rectly determining the orientation of the intersegmen-
tal plane and on the angular rotation profiles of the
leg segments, examining both the effect of changes in
walking speed and effects independent of speed. Sub-
jects were professional actors and naive subjects with
no training in acting. As expected, emotions were found
to strongly affect the kinematics of locomotion, partic-
ularly walking speed. The intersegmental coordination
patterns revealed that emotional expression caused ad-
ditional modifications to the locomotion patterns that
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could not be explained solely by a change in speed. For
all emotions except sadness the amplitude of thigh ele-
vation angles changed from those in neutral locomotion.
The intersegmental plane was also differently oriented,
especially during anger. We suggest that, while speed is
the dominant variable allowing discrimination between
different emotional gaits, emotion can be reliably rec-
ognized in locomotion only when speed is considered
together with these other kinematic changes.

Keywords Emotion - Locomotion - Intersegmental
coordination

1 Introduction

The first modern scientific study of human emotion was
René Descartes’ ”Emotions” (Descrates 1649) in which
Descartes methodologically described all possible emo-
tions. Emotions may be viewed as psychological states
directly resulting from physiological activities and man-
ifested in all aspects of human behavior. Emotions af-
fect facial expressions, tone of voice, body expression,
gestures and locomotion and a variety of physiologi-
cal parameters. Day-to-day situations continually re-
quire social judgments on the emotional state of other
individuals. When people are viewed at a distance or
their faces are not easily visible or their voices cannot
be heard, such judgments must largely rely on infor-
mation from body movement, such as gait (Montepare
et al 1987). Indeed, humans can recognize expression of
emotion even from impoverished stimuli, such as point-
light displays following natural arm movements (Pollick
et al 2001b). Even in more complex movements, such
as stylized dancing, subjects were able to recognize one
of six portrayed emotions considerably above chance
levels (Dittrich et al 1996; Walk and Homan 1984).
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As dynamic point light or full light displays are al-

ways better recognized than static displays (Atkinson
et al 2004), there appear to be differences in the charac-
teristic kinematic patterns of the movements. Giese and
Poggio (2000) used linear combinations of trajectories
to show that classes of complex movements can be ap-
proximated by linear combinations of a small number of
prototypical trajectories. Similar approaches have been
developed in computer graphics to approximate new
movements by interpolation (Bruderlin and Williams
1995; Unuma et al 1995) and in computer vision (Ya~
coob and Black 1999). Troje (2002) was similarly able
to capture the essence of locomotion in a reduced space
and to synthesize artificial point-light walking figures
whose gender was correctly recognized. As data based
on a linearization of motion can be used for gender
classification, Troje proposed that other attributes like
emotional states can be similarly treated.
The most prominent kinematic difference ascribed to
movements produced under different emotional condi-
tions is speed of body movement (Paterson et al 2001;
Sawada et al 2003); gait speed and cycle duration are
also affected (Cluss 2006). For arm movements, veloc-
ity, acceleration and movement jerkiness are associated
with emotional arousal (Pollick et al 2001b), as are tim-
ing and spatial amplitude (range) (Amaya et al 1996),
which also affect classification accuracy (Atkinson et al
2004).

Examining both clinical patients and lay actors, Micha-

lak et al (2009) investigated gait patterns associated
with depression and sadness, using music to induce spe-
cific emotions. Both the patients and lay actors who
were experiencing sadness converged to similar gait pat-
terns with slower gait speed. Naugle et al (2010) showed
that viewing pleasant pictures during forward locomo-
tion elicited approach behavior, and enhancing step ve-
locity, whereas unpleasant pictures elicited avoidance
behavior leading to shorter and slower steps. The differ-
ent gait velocities during different emotions affect the
range of joint motion (Gross et al 2011). Body pos-
tures during walking also differed during different emo-
tions but did not correspond to differences in walking
speed. Identifying critical features for the perception of
emotion during locomotion, Roether et al (2009) con-
cluded that, in terms of body configuration and move-
ment kinematics, some features specific to certain emo-
tions cannot be explained solely by variations in speed.
These features included changes in the amplitudes of
movement of particular limb segments and joints. Fur-
thermore, Hicheur et al (Unpublished) observed that
the head and trunk orientations differ across emotions,
and that these parameters, together with speed, are es-
sential for correct identification of different emotions.

Thus, speed of body movements is largely deter-
mined by the experienced emotion. It is clear that gait
speed affects kinematic parameters (e.g., joint ampli-
tudes). Therefore, it remains to determine what effects
different emotions have on different body configura-
tions and kinematic characteristics of locomotion be-
yond those due to changes in speed. Roether et al (2009)
significant findings were mainly related to the ampli-
tudes of individual joints angles at the level of arms
and upper-body. Here we study the effects of different
emotions on the lower limbs and on the intersegmental
coordination between different leg segments.

We base our study on the most robust principle of
coordination in human locomotion discovered to date,
the law of intersegmental coordination (Borghese et al
1996). This law asserts that during locomotion the el-
evation angles of the thigh, shank and foot, expressed
with respect to the direction of gravity which is associ-
ated with an extrinsic frame of reference, do not evolve
independently of each other. Instead they co-vary along
a plane and the pattern of covariation is a closed curve
reminiscent of a teardrop (Borghese et al 1996). The
orientation of this plane is correlated with the speed
of locomotion and it rotates so as to reduce the energy
expenditure associated with increasing speed (Bianchi
et al 1998). Many studies have focused on the law of in-
tersegmental coordination as evidence for central con-
trol, showing its appearance in many types of locomo-
tion (see Cheron et al (2001), Courtine and Schiepati
(2004), Ivanenko et al (2005b), Ivanenko et al (2005a),
Ivanenko et al (2008) and more).

To account for the geometric and temporal characteris-
tics of the intersegmental law of coordination, Barliya
et al (2009) modeled the angular rotations of the ele-
vation angles of each of the three leg segments (thigh,
shank and foot) using simple sinusoids, thus enabling an
an analytical description of the properties of this plane
in terms of the amplitudes (ranges of motion), frequen-
cies and phases of these angular rotations. It was shown
that the planarity effect can only emerge when the fre-
quencies of the elevation angles are either all equal or,
if only two of them are equal, the corresponding phases
are also equal.

The model confirms that changes in the orientation of
the plane of intersegmental coordination are strongly
correlated with changes in the phase shifts between the
rotations of the different leg segments (Bianchi et al
1998).

The model thus provides us with a reliable tool for
studying the influence of different emotions on the kine-
matic parameters underlying the law of intersegmental
coordination. To investigate the effects of emotion on
these parameters, we have developed a method for dis-
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tinguishing effects due to speed alone from those stem-
ming from the underlying emotion. Additionally, since
the model was found to be predictive of the orientation
of the plane for neutral locomotion, we tested its pre-
dictability during induced emotional locomotion. If the
same model can predict the orientation of the plane
under different emotional conditions we can say that
similar considerations to those pertaining to neutral lo-
comotion also pertain to emotional conditions. That is,
the kinematic effects on the orientation of the plane
are quite similar, irrespective of whether speed or emo-
tion cause the change in kinematics and body config-
uration. Importantly, the characteristics of the plane
express a link between kinematics and energy expendi-
ture (Bianchi et al 1998).

The investigation of the effect of emotion on gait
should be seen in the context of the current leading
theories of emotion. On the one hand, discrete models
of emotion suggest the existence of a limited number
of basic emotions, with emotional reactions considered
to be "implemented” by dedicated neural circuits and
neuromotor programs (Scherer 2000). According to this
view, each basic emotion is thought to emerge from
an independent neural system. In contrast, another ap-
proach suggests the existence of a graded continuous
two dimensional emotion space. This so-called circum-
plex model proposed by Posner et al (2005) assumes the
existence of two orthogonal dimensions, valence (pleas-
antness) and arousal (activation), that are needed to
span the emotion space. Each emotion is understood
to be represented as a linear combination of these two
dimensions, with varying degrees of both valence and
arousal. Unlike in the discrete view, all affective states
arise from the activation of common, overlapping neu-
rophysiological systems.

We were able to conduct this study on two groups
of subjects and compare their performances: naive sub-
jects (university students) and professional actors who
are very experienced in expressing and conveying emo-
tions. In previous studies, despite large differences in
the abilities of professional actors to express emotion,
the differences observed among emotions remained sta-
ble (Wallbott 1998). Numerous studies also confirmed
that nalve actors can successfully convey emotion. We
therefore investigated whether the naive subjects differ
in some level from professional actors.

To conclude, the aim of this work is to study:

1. How emotion affects the most robust law of loco-
motion, the intersegmental law of coordination. Is
planarity affected or does it break down?

2. How is the orientation of the plane affected by emo-
tion and how does it reflect changes in the kine-
matic parameters characterizing rotations of limb

segments, viz., movement amplitudes and phase shifts
between the rotations of the different segments.

3. The orientation of the plane is expected to change
according to the changes in speed associated with
the various emotions. This is due to the strong influ-
ence of speed on the kinematic parameters of the leg
segments movements. However, given the reasonable
assumption that there are effects of emotion that
cannot be explained by speed alone, what are these
effects and do they support either of the discrete
versus continuous (circumplex) emotion theories?

2 Materials and Methods
2.1 Subjects

Thirteen naive subjects (university students, male and
female, average age 27 years) were recorded in the mo-
tor control laboratory in Tibingen Germany (Group
I). Group II consisted of 8 professional actors (male
and female, average age 27 years) from Ecole Jacques
Lecocq, Paris, France recorded at the Ecole de France.
All research with human subjects was approved by the
local ethics boards of the Tiibingen University and con-
formed to the principles of the Helsinki declaration.

2.2 Experimental setup and procedures

Kinematic data were recorded at 120 Hz by a VICON
612 motion capture system (Vicon Motion System Ltd.,
Oxford, UK). Forty-one markers were placed on the
subjects’ body and legs according to the marker place-
ment protocol for the Plug-in-Gait Marker Placement of
Lifemodeler (Marker Placement Protocols). The mark-
ers were positioned with a spatial accuracy of about
Imm and calibration procedures ensured that all the
recorded position errors were below 1.2mm. Markers
on the leg were located at the: anterior superior iliac
spine (ASIS), lower lateral 1/3 of the thigh, just below
the swinging hand at its lowest position (THI), the lat-
eral epicondyle of the knee (KNE), lateral malleoulus
of the ankle (ANK) and the second metatarsal head,
on the mid-foot side of the equinus break between fore-
foot and mid-foot (TOE). The remaining markers were
located on the upper body.

Subjects were recorded walking along a straight line for
about 5 meters while expressing different types of emo-
tions: neutral condition, anger, fear, joy and sadness.
With the nalve subjects at the university of Tiibingen
we followed Roether et al (2009) method for inducing
emotion. Briefly, the subjects were instructed to recall
a past situation associated with the relevant emotion.
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Furthermore, they were asked to express this emotion
with gestures, vocalization and facial expressions. They
were instructed to continue until they started to expe-
rience the emotion. To validate the quality of the emo-
tional walking, psychophysical experiments were con-
ducted showing that the majority of the recorded move-
ments were categorized as expressing the emotion that
the subject was intending to express. Similar methods
were used to obtain the motion data recorded at the
Ecole de France. The procedure has been found to be
effective in producing both positive and negative moods
by a meta-analysis which analyzed 250 mood induction
procedures in 111 studies (Westermann et al 1996).
More recently, Gross et al (2011) confirmed that the
recall paradigm can induce emotion in untrained sub-
jects. They found that these emotions are actually ex-
perienced by the subjects and are well encoded in their
body movements. We did not instruct the subjects to
walk at a certain speed. Since different emotional con-
ditions affect locomotion speed, we carried out speed
matching trials where subjects in the neutral condition
walked at slow and fast speeds that spanned the range
usually associated with the different emotions.

2.3 Data Analysis

Geometric variables. The leg was modeled as an
interconnected chain of rigid segments similar to the
model used by Borghese et al (1996). The three seg-
ments of the leg, thigh, shank and foot were defined by
the pair of markers, THI-KNE, KNE-ANK and ANK-
TOE, respectively. The main axis of the limb was de-
fined as the segment between the hip and ankle. The
elevation angle of a limb segment was defined as the
orientation of the segment with respect to the vertical
axis and the walking direction, being positive in the
forward direction. Elevation angles were computed in
the sagittal plane only, as those in the frontal plane are
negligible (Bianchi et al 1998). The elevation angle for
a segment ¢ in the sagittal plane is defined as:

0; = arctan <M) (1)
Zp — Zd

where d and p denote the distal and proximal endpoints
of the segment, respectively. We also derived the rela-
tive joint angles between two adjacent limb segments,
as defined in Borghese et al (1996), as follows:

3
;i = arccos (Z akbk) (2)

k=1

where aj and by, denote the At" direction cosine of seg-
ment ¢ and segment i+ 1, respectively. These angles are
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Fig. 1: Geometric variables: Left, the 3D relative angles
(7:) between two adjacent segments. Right, the eleva-
tion angles measured between a segment and the ver-
tical, with p and d denoting the proximal and distal
points on the limb segment.

shown in Figure 1.
Gait cycle. By convention the human gait cycle be-
gins when one of the feet makes contact with the ground
and ends when the same foot contacts the ground again
(Vaughan et al 1999). Three gait cycles were extracted
for each emotion for each of the subjects in Group I,
and a variable number for Group II. The timing of the
gait cycle was normalized with respect to its duration to
permit comparisons between gaits with different speeds.
Gait cycle time (T) was measured as the time interval
between the zero crossings of the angular velocity of the
elevation angles of the limb axis (Borghese et al 1996;
Bianchi et al 1998). These points denote the extrema
of the elevation angle which, in turn, mark the toe-off
and heel-down phases.
Fourier Decomposition. The first two Fourier har-
monics have been shown to account for ~ 98% of the
experimental variance of the thigh, shank and foot an-
gles obtained for each trial (Bianchi et al 1998). In ad-
dition, the elevation angle waveforms tend to become
progressively more sinusoidal with increasing speed as is
evident from the increase of percentage variance (PV)
of the 15" harmonic (Ivanenko et al 2002). We have
therefore fitted the time course of each of the elevation
angles and expressed them as the sum of the three first
harmonics of the Fourier series as follows:
3

0;(t) = ap; + Z a;; cos (Jw;t) + by sin (jw;t) (3)

j=1
The differences between the segments are character-
ized by the coefficients {a;, aji,b;:} (7 = 1..3) and the
fundamental frequency w;. A non linear least-squares
method was used to find the coefficients and the fun-
damental frequency for each segment.
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It is more useful and more intuitively meaningful to
interpret the intersegmental relation if the set of equa-
tions of the form (3) are written in terms of amplitudes
and phases of sinusoids. The identity

acos(z) + bsin(x) = Asin (x + @) (4)

where,

A=+va?>+b? and ¢ =arctan (b> (5)
a

relates the Fourier coefficients in equation 3 to the am-
plitude A and the phase ¢ of the relevant harmonic.
Applying identity (4) to the time course representation
of the elevation angles (3) we obtain:

3
0; (t) = ag; + Z Aji sin (jwit + gﬁji) (6)

j=1

The "energy” of a harmonic may be defined by the rela-
tive magnitude of its amplitude compared to those of all
three harmonics. Thus, the ”"energy” contained within
harmonic i is: A;/ (A1 + Az + A3)

Intersegmental Coordination. The patterns of in-
tersegmental coordination of each limb in the sagit-
tal plane were described by the temporal covariation
among the elevation angles of the thigh, shank, and
foot segments. When these angles are plotted one ver-
sus the others in a three-dimensional plot, they describe
a path that can be fitted by a plane over each gait cycle.
Principal component analysis (PCA) was used to quan-
tify the spatiotemporal structure of the intersegmental
coordination of the body segments. The variance in the
data accounted for by each principal component is ex-
pressed by its percentage variance (PV) and given by

Ai

PV; =100 x =
j=17"

where ); is the variance measure (the eigenvalue cor-
responding to the i-th PC) in the direction of the i-th
PC.

The number of components required to account for the
data variance provides insight into the number of de-
grees of freedom (DOFs) of the legs during locomotion.
Particularly planar covariation among limb segments
in the angular space can quantify the strength of the
intersegmental coupling. For planar covariation the per-
centage variance should fulfill PV; > PV, > PV3 and
PV3 <« 1. For a perfect plane PV3 would be exactly
zero. Since the data were noisy and a complete planar
covariation could not be achieved, we adopted the crite-
rion of PV3 < 1% used previously (Borghese et al 1996;
Bianchi et al 1998). Thus the first two vectors lay on
the best fitting plane, whereas the third vector was the

normal to the plane which also defined its orientation.
Finally, for neutral locomotion, the orientation of the
plane is predicted to be given by (Barliya et al 2009):

—Az Az sin (2 — ¢3)
n=| Aj1Assin(p; — p3) (7)
—AlAQ SiIl (@1 — (pg)

where A1, As and As are the amplitudes of the first har-
monics (see fourier decomposition above) of the thigh,
shank and foot, respectively. Similarly, ¢1, 2 and @3
are the respective phases. The elements of the normal
to the plane correspond to the direction cosines with
the positive semi-axis of the thigh, shank, and foot an-
gular coordinates. The model provides an expression for
the orientation of the plane. However, using a model in
which the movement of each segment is represented by
a simple sinusoidal function Barliya et al (2009) also
derived the following conditions for the emergence of
the plane during human locomotion:

1. w1 =we = ws, or
2. w1 =ws # w3 and Y1 = g

where w; is the fundamental frequency of the sinusoid
corresponding to the thigh, shank and foot, respectively
(i = 1...3). For the second condition, the subscripts
were arbitrarily chosen here, and it holds for any choice
of a pair of equal frequencies.

2.4 Statistical Analysis

We performed a three-way ANOVA with subject group
(Group I or Group II) serving as a between-subject fac-
tor. Emotion and either body part, frequency ratios (be-
tween the segments), and phase shift type or orienta-
tion error served as within- subject factors. Mauchly’s
tests of sphericity for validating the repeated measure
ANOVA were performed and Greenhouse-Geisser cor-
rections were applied wherever necessary.

To study the effects of different emotions on kinematic
parameters, beyond change in speed, a linear regression
between gait speed and the various kinematic parame-
ters was performed during neutral walking. The slopes
of the regression lines denoted the rate of change of the
examined parameter with change in speed. If, during
emotional walking, a parameter was affected by factors
other than speed alone, there should be a change in
slope.

The test was conducted as follows (Fisher 1921): Let the
slopes of two different regression analyses be a1 and as.
The test statistic was Student’s ¢ test, computed as the
difference between the two slopes divided by the stan-
dard error of the difference between the slopes, that is,
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t = 4292 on (N —4) degrees of freedom. The standard

Sby —by
_ 2 2
= /55, T 53,

error of the difference is given by sq, —q,

3 Results

To achieve a clearer and more concise notation, 4; (j =
1..3) was used to designate the amplitude of the ;"
harmonic of a specific segment (thigh, shank or foot).
By contrast, phases (¢;) and frequencies (w;) where i =
1..3 always related to the phases and frequencies of the
first harmonics of the thigh (i = 1), shank (¢ = 2) and
foot (i = 3), respectively.

3.1 "Energy” of the 1%' harmonic: A1++z+As

To examine the differences in the amount of energy
contained within the different harmonics across the dif-
ferent emotions, body segments and subject group, we
performed a three-way ANOVA with subject group as
a between-subject factor and emotion and leg segment
serving as within-subject factors We found a main ef-
fect for group, emotions and body parts (F' = 12.42; p <
0.01, F = 3.81; p < 0.05 and F = 54.15; p < 0.001, re-
spectively). The three-way interaction emotions x body
parts x group was statistically significant (F = 4.48;
p < 0.001). The two-way interactions body parts x
group and emotions X body parts were also significant
(F = 22.8; p < 0.001 and F = 14.45; p < 0.001, re-
spectively). However, the two-way interaction emotions
X group was not significant. Fig. 2 clearly shows that
the ”energy” of the amplitude of the first harmonic was
highest for the thigh and lowest for the foot for all emo-
tions. To further analyze the effect of emotion on the
energy parameter we conducted two-way ANOVAs be-
tween the groups and emotions for each of the leg seg-
ments. The energies with respect to each segment across
emotions are presented in Figure 3. The movements of
the thigh were most affected by emotion (F = 16.77;
p < 0.0001). However, both the factor 'group’ and the
interaction emotion X group were not significant (Fig-
ure 3a). The shank segment showed no effect for "group’
but ’emotion’ showed a significant effect (F' = 11.74;
p < 0.0001), as did the interaction emotion X group
(F = 6; p < 0.0001) (Figure 3b). The foot showed a
main effect for both ’emotion’ and ’group’ (F = 23.03;
p < 0.0001 and F = 25.05; p < 0.0001, respectively)
(Figure 3c).

Thus, emotion consistently affected the energy measure,
although the ’group’ factor did not necessarily affect
the kinematics of locomotion as assessed by the energy
measure.

[ Non professionals
C— Professional actors

0.8, e ) : -

Happy

Emotion

Shank

Neutral Thigh )

Segment/Joint
Fig. 2: Average energy in the first harmonic for the
various emotions. The dark mesh represents the naive
subject group and the light mesh the professional ac-

tors.

3.2 Ratio of the amplitudes of the 1¢ and 2"¢

harmonics: %
2

The statistical model for analyzing the ratio of 1%t to
274 harmonics was the same as that used above, the
three-way ANOVA with ’subject group’ as a between-
subject factor, and ’emotion’ and leg segments serving
as within-subject factors. The ratio of the amplitudes
of the first and second harmonics (which can serve as a
further indicator for sinusoidality) yielded a main effect
only for ’group’ and body part (F' = 13.04; p < 0.01
and F' = 53.82; p < 0.001, respectively), whereas ’emo-
tion’ was marginally significant (F = 3.6; p = 0.052).
The three-way interaction emotions x body parts X
group and the two-way interaction emotion X group
were not significant. However, the interactions body
part x group and emotion X body part were significant
(F =10.02; p < 0.005 and F = 5.67; p < 0.005, respec-
tively). Figure 4 illustrates the differences between the
naive subjects and the actors. Similarly to our analy-
sis of the amplitude energy, we examined each of the
leg segments individually (Figure 5). Movements of the
thigh showed a main effect only for ’emotion’ (F = 5.93;
p < 0.05); 'group’ and the interaction emotion x group
were not significant (Figure 5a). The ratios of the am-
plitudes of the first two harmonics of the shank showed
main effect for both ’emotion’ (F = 5.53; p < 0.005)
and for the interaction emotion X group (F = 6.03;
p < 0.005). The group factor was not significant (Figure
5b). The foot showed a main effect for both ’emotion’

Ankle
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Fig. 3: Average energy of the amplitude of the first harmonics for the naive subjects and the actors for the various

emotions.

i . : [ Non professionals
10 . : : : C— Professional actors

Foot Hip

Emotion Neutral Shank

Thigh
Segment/Joint

Fig. 4: Average ratios of the amplitude of the first to
the second harmonic. Shown as in Figure 2.

and ’group’ (F = 12.05; p < 0.0001 and F = 18.47;
p < 0.0001, respectively), but the interactions between
these factors was not significant (Figure 5¢).

Like the energy measure, the ratios of the first and sec-
ond harmonics were consistently influenced by emotion.
In contrast, the group factor and the different interac-
tions cannot serve as stable classifiers.

3.3 Intersegmental frequency ratio: ‘:—;, i—i, Z—;

The planarity of the intersegmental pattern of coordina-
tion is mainly determined by the fundamental frequen-
cies of the different sinusoids (Barliya et al 2009) and
planarity is observed when all frequencies are equal.
Alternatively, if only two frequencies are equal, their

corresponding phases should be equal. To analyze the

frequency ratios between the different segments for the
different emotions, body segments and subject groups,
we performed a three-way ANOVA with subject group
as a between-subject factor, and ’emotion’ and ratio
type (w1 /wa, we /w3 or wy /ws) as within-subject factors.
Here, none of the main effects or the possible interac-
tions showed statistical significance. Investigating the

" ratios of each of the segments independently using two-

way ANOVA on the data shown in Figure 6 produced

' the same result; no main effect was found for any of the

factors or interactions.

3.4 Phase shifts between segments

Ankle

Phase shifts between the first harmonics of the various
segments have been correlated with changes in gait ve-
locity and energy expenditure. To analyze the phase
shift parameters we performed a three-way ANOVA
with subject group as a between-subject factor, and
emotion and phase shift (o1 — @2, Y2 — Y3 or Y1 — ©3)
as within-subject factors. Analyzing the phase shifts
for both subject groups showed statistically significant
main effects for emotion and phase shift (F = 32.65;
p < 0.0001 and F = 139.43; p < 0.0001), but not for
‘group’. The resemblance between the two groups can
be easily seen in Figure 7. The three-way interaction
emotion X phase type x group and the two-way inter-
actions emotion X group and phase type x Group were
not significant. However, the interaction emotion x phase
type was significant (F = 10.12;p < 0.0001).

Once again we inspected each of the possible phase
shifts independently (Figure 8). A two-way ANOVA re-
vealed that ’emotion’ gave the only significant main ef-
fect for the thigh-shank phase shift (Figure 8a) (F =
4.38; p < 0.005) but the interaction emotion x group
was not significant. As with phase shift between the
shank and the foot (Figure 8b), significant main effects
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Fig. 5: Average ratios of the amplitude of the first and second harmonics for the naive subjects and actors for the
different emotions.
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Fig. 7: Average phase shifts between the different seg-
ments of the leg for the various emotions: thigh-shank
(1 —2), shank-foot (w2 —p3) and thigh-foot (1 —p3).
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were found for both ’emotion’ (F = 24.67; p < 0.0001)
and the interaction emotionxgroup (F = 4; p < 0.05).
These phase shifts directly affected the orientation of

the intersegmental plane (Barliya et al 2009). The phase
shift between thigh and foot showed a main effect for

Phi1-Phi3

Phi2-Phi3

Phi1-Phi2 Phase Type

‘emotion’ (F = 33.65; p < 0.0001) (Figure 8c) and the
interaction emotion x group was significant (F = 3.89;
p < 0.05).

3.5 Plane orientation and Model Predictions

The measure of the orientation of the intersegmental
plane has previously been associated with gait veloc-
ity and control of energy expenditure (Bianchi et al
1998). The plane rotates westward on the unit sphere
with increasing gait speed. This rotation, reducing en-
ergy expenditure, to some extent compensates for the
increased energy requirement due to increased speed.
Figure 9 illustrates the projections of the unit normals

onto the intersegmental plane on the unit sphere for
both the naive subjects and professional actors for the
various emotions. For both subject groups the average
orientations of the vectors for anger, joy, neutral, sad-
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ness and fear in Figure 9) were ordered on the sphere
from "west” to "east”. This order fitted the walking
speed associated with these emotions, fastest for anger,
slowest for fear.

Last, we compared how well the model in Barliya et al
(2009) predicted the orientation (according to Equa-
tion. 7) for each of the emotions and groups with respect
to the orientation computed using PCA (Figure 10).
For the naive group, the model predicts the orientation
of the plane during the neutral condition and happi-
ness and sadness rather well (< 5° error). On the other
hand, the model was less accurate in predicting the ori-
entation of the intersegmental plane for the professional
actors. However, note that the same error pattern holds.
That is, the error in prediction increases for both groups
during the anger and fear conditions. The model’s abil-
ity to predict the orientation decreased when the eleva-
tion angles of the leg became less sinusoidal, or when
the fundamental frequencies of the leg segments were
not equal (w; # ws # ws). Figure 6 shows that, for
the professional group, the ratios between the different

Fig. 9 Projections of the unit nor-
mals to the plane of intersegmental
coordination on the unit sphere for
the naive subjects and actors. The
solid vector lines indicate the aver-
age direction of the orientation of

Thigh the plane for each emotion.
(b)
301
Non professionals
Professional actors
251

N
o
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[
o
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=
o
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Fig. 10: The difference between the orientation of the
intersegmental plane calculated from our data (using
PCA) and that predicted using Equation 7. The differ-
ence is given in degrees.

frequencies were generally farther from 1 than those of
the naive subjects (and thus the frequencies were not
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equal), although, both groups showed no statistically
significant differences with respect to frequency ratios.
It can be shown, however, that the planarity is very
sensitive to changes in these ratios (see supplementary
material of Barliya et al (2009))

3.6 Effects of speed

So far we have compared the kinematic parameters among

emotions and between the two subject groups. However,
emotions affect gait speed (Gross et al 2007; Roether
et al 2009; Hicheur et al Unpublished), with anger and
happiness generally accompanied by higher gait speed
than sadness and fear. Figure 11 illustrates the signifi-
cant change in locomotion speed found here for the vari-
ous emotions (F' = 183.59; p < 0.0001). The gait speeds
associated with the different emotions were all found to
be significantly different (p < 0.0001) except for the
difference between neutral and happy. As locomotion

Non professionals

25k Professional actors

15¢

Speed (m/s)

051

Neutral Angry Fear Happy Sad
Emotion

Fig. 11: Average locomotion speed for each emotion in
the two groups. Bars represent standard deviation.

speed increases, the swing phase becomes longer rela-
tive to the stance phase (Hreljac 1995). Figure 12 shows
that the changes in speed during the different emotions
consistently affected the timing of the transition be-
tween the swing and stance phases, consistent with ex-
pected changes due to gait speed. Swing phases occupy
on average 38% of a gait cycle and stance phases oc-
cupy 62% in normal healthy young men (Vaughan et al
1999). Here, during sadness and fear, the swing phase
occupied 33% and 34% of the gait cycle, respectively.
Anger showed the fastest gait and accordingly a larger
portion of the gait cycle was devoted to the swing phase
(38%).

Since kinematic parameters are influenced by speed, we
now checked whether the observed changes were due

only to speed or whether each emotion produced other
effects on locomotion. Roether et al (2009) have re-
cently addressed a similar question. For each actor they
compared emotional with neutral gaits whose speeds
were matched to those of the emotional gaits on a trial-
by-trial basis. While gait speed alone induces changes in
perceived emotions (e.g. Roether et al (2009)), Hicheur
et al (Unpublished), using artificially generated emo-
tional gaits, found that manipulating speed alone is not
sufficient to reach significant rates of emotion recogni-
tion. To address this question we applied a linear re-
gression analysis to each of the parameters using speed
as the predictor and compared the slopes of the regres-
sion lines (see methods for details). The slope indicates
the rate of change of a parameter with speed. A differ-
ence in slope of a parameter during emotion and the
neutral condition indicates an emotional effect beyond
that expected from speed alone.

Figures 13-15 show the changes with respect to speed
for both groups. The slopes of the regression lines for
each emotion were compared to the neutral condition
for each group and between groups. Figure 13 shows
the amplitudes of the elevation angles of the leg seg-
ments as a function of speed. Both groups showed sim-
ilar differences for the various emotions. For example,
the amplitude of the thigh elevation angle for all emo-
tions except sadness increased with speed in a manner
indicating the effect of factors other than speed. The
groups showed a notable difference in the amplitude of
thigh elevation angle during happiness or sadness. They
also differed in amplitudes of foot elevation angle dur-
ing the neural locomotion, sadness and fear.

The phase shift between the shank and foot (Figure
14), which is strongly related to the rotation of the
plane with speed, showed no significant difference for
the various emotions and between groups. Only hap-
piness showed a difference between naive subjects and
actors. The remaining phase shift quantities (1 — @2
and 1 — ¢3) showed no fundamental differences.

To examine how the orientation of the plane changed
with speed for different emotions, the elements of the
normals to the plane were linearly regressed with gait
speed. Recall that the elements of the normal according
to the model (7) are functions of the segments’ ampli-
tudes and the phase shifts between them. For brevity,
let the elements of the normal be denoted by nq, no and
ng, designating the plane orientation with respect to the
thigh, shank and foot semi-axes, respectively. Here, ro-
tation of the plane roughly about the long axis of the
loop of covariation pattern on the plane (n;) showed
significant differences only between anger and fear and
anger and sadness in both groups. The orientation of
the plane with respect to the shank semi-axis (ng) dif-
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fered significantly for anger compared to all emotions
except happiness. The third element of the normal to
the plane (n3) also differed significantly for anger com-
pared to the other emotions except fear. Thus, anger
was the only emotion consistently showing differences
from other emotions in how the orientation of the plane
changed with speed.

4 Discussion

We have investigated the effect of basic human emo-
tions (anger, fear, happiness and sadness) on locomo-
tion, comparing locomotion expressing the different emo-
tions with locomotion during a neutral emotional state.
Using naive subjects (university students) and profes-
sional actors we analysed the kinematic properties of leg
movements in the context of the law of intersegmental
coordination. We therefore used differences in ampli-
tude, frequency and phase of the relevant harmonics to
compare locomotion expressing the various emotions.
We discuss here the main findings pertaining to the in-
fluence different emotions have on the kinematic char-
acteristics of leg movements beyond the effect of speed.
We examine how our observations fit with current emo-
tion theories and conclude with a discussion of these
findings from a neural control perspective.

4.1 The law of intersegmental coordination

We investigated how the parameters affecting the pla-
narity and orientation of the plane of intersegmental
coordination during human locomotion are affected by
the emotional state of the subjects and whether these
changes are only due to the change in speed associated
with different emotions or not. The previous research
on the effects of emotion on the locomotion kinematic
parameters not due to speed (Roether et al 2009) dif-
fers from the current study in two respects:

1. The main focus in Roether et al (2009) was on the
upper-body and upper limbs.

2. The movements of anatomical joint angles and sepa-
rate limb segments were analyzed but the study did
not focus on intersegmental coordination.

Here, we concentrated on the lower body and investi-
gated the elevation angles of the legs as part of a motor
control principle, i.e., the law of intersegmental coor-
dination. We were not interested in the elevation an-
gles themselves but in the coordination between the
different segments which is reflected in the orientation

of the emergent plane (Borghese et al 1996). Increas-
ing gait speed causes a monotonic change in the ori-
entation of the planar covariation that leads to reduc-
tion of the energy expenditure that would otherwise oc-
cur. The importance of the orientation of the plane lies
in its correlation with energy expenditure and because
the control of coordination may reflect a compensatory
mechanism reducing energy cost with increasing speed
(Bianchi et al 1998; Lacquaniti et al 1999). This change
in orientation is mainly effected by the change in phase-
shift between the shank and foot elevation angles. Bar-
liya et al (2009) have proposed a model that accurately
describes the orientation of the plane and corroborates
the above results on the phase shifts between the leg
segments. Their model also identified conditions with
respect to the frequencies of the elevation angles that
need to be met for the plane to exist, and mathemat-
ically predicted the dependency of the orientation on
the amplitudes of the angular rotations.

Speed affects each of these parameters. Thus we study
them here as low level controlled parameters that, by
affecting the orientation of the plane, may limit energy
expenditure possibly even beyond or in contrast to the
effect of speed on energy costs.

4.1.1 Amplitudes of Fourier harmonics

The ”energy” in the first harmonic of each leg segment
and the ratio between the amplitudes of the first and
second harmonics were used as measures of sinusoidal-
ity. The higher these values, the more sinusoidal the
pattern of angular behavior of the segments and the
smoother the motion. Whenever higher harmonics are
equal to or more dominant than the lower harmon-
ics, the angular behavior becomes noisy and departs
from a simple signal that can be represented with fewer
harmonics. The ”energy” of the first harmonic for the
thigh, shank and foot segments followed the same pat-
tern across emotions and subjects but the amount of
energy differed in each emotion, especially for the foot.
The ratios between the first two harmonics differed be-
tween the groups across emotions even though they fol-
lowed the same pattern as the ”energy” parameter. This
ratio between the first two harmonics revealed that dur-
ing locomotion expressing happiness the professional
actors moved the thigh considerably more sinusoidally
than the naive subjects. During fear the professional
actors seemed to rotate the shank more sinusoidally.
Overall, the professional group rotate their leg segments
more smoothly and sinusoidally than the naive group.

The model we use to predict the intersegmental plane
of coordination (Barliya et al 2009) relies on the sinu-
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soidality pattern of each of the leg segments during loco-
motion. Below we examine how these patterns affected
the success of the model in predicting the intersegmen-
tal plane.

4.1.2 Harmonic phases and energy expenditure

The phase shift between the shank and foot (p2 — ¢3)
decreases monotonically with increase in gait speed dur-
ing emotionally neutral locomotion (Bianchi et al 1998).
Both experimentally (Bianchi et al 1998) and mathe-
matically (Barliya et al 2009) this phase shift has been
found to be significant in determining the orientation of
the intersegmental plane. The orientation of this place
is important as the CNS is thought to use the orien-
tation to limit energy expenditure (Bianchi et al 1998;
Lacquaniti et al 1999). Here we found a main effect
only for the emotion factor, which was also significant
for the remaining phase relations. There was no effect
for the group factor. This is interesting as Amaya et al
(1996) have suggested that subtle phase relations may
carry information about affect. We discuss this below.

Using the approach suggested in Omlor and Giese (2007)
Roether et al (2009, 2010) confirmed that emotions af-
fect movement speed (Crane and Gross 2007) by ex-
tracting the primitives.

They showed how the weights (amplitudes) of the
sources for each joint become larger for anger and hap-
piness and smaller for sadness and fear. Here we nor-
malized all gait cycle durations to 7' = 1. As this nor-
malization did not cancel the effect of speed on the
phase shifts, we needed to determine whether the dif-
ferences in phase shifts resulted only from changes in
locomotion speed associated with different emotions, or
whether there is another mechanism affecting the phase
shifts irrespective of gait speed. That is, can the emo-
tional state directly influence the motor system, not
only through the direct effect on speed? We address
this question below.

4.1.3 Plane orientation

Both subject groups showed a similar progression of
the orientation of the plane from ”west” to "east” for
the emotions in the following order: anger, happiness,
neutral, sadness and fear. Gaits associated with a pla-
nar covariation rotated more westward (faster) are more
expensive in terms of energy than gaits with planes ro-
tated eastward (slower) (Bianchi et al 1998). Our data
are consistent with this principle both intuitively, anger
and happiness being more ”energetic” than sadness and
fear, and also in relation to speed, as angry and happy
people tend to move faster than sad and frightened ones
(Crane and Gross 2007).

)

4.2 Beyond the effect of speed

As discussed above, different emotions are generally as-
sociated with different movement and locomotion speeds.
Speed affects locomotion parameters such as amplitudes
of elevation angles and phase shifts between leg seg-
ments (Bianchi et al 1998). Arm swing amplitude in-
creases with walking speed (Donker et al 2001, 2002;
Hicheur et al Unpublished) and the stance phase knee
flexion increases (Kirtley 2006). To differentiate the emo-
tions expressed by walkers, Montepare et al (1987) ex-
amined gait characteristics such as arm swing, stride
length, heavy footedness, and walking speed. We fo-
cused on the effect of speed both as the major discrimi-
nator among emotions and its direct effect on the other
parameters such as stride length. Speed plays a sig-
nificant role in the recognition of emotion, but Pater-
son et al (2001) showed that when the speed of angry
movements was artificially adjusted, participants still
tended to classify them as angry. They rated the faster
gaits as more intense and the slower ones as less in-
tense. Similarly, Roether et al (2009) also found an in-
fluence of speed on differentiation of emotional percep-
tion from neutral gaits. Atkinson et al (2004) proposed
that speed or vigor can enhance perceived emotional
intensity. Thus, it appears that speed intensifies the
perceived emotion if it changes in the direction of the
natural' speed of the conveyed emotion, with higher
speeds intensifying anger and slower speed enhancing
sadness.

Since speed can facilitate changes in emotion intensity
but not content, there must be more to the kinemat-
ics of emotion than speed. Roether et al (2009) pro-
vided valuable insights by comparing emotional gaits
with neutral gaits of matched speed. They obtained
similar results to our comparison with neutral gaits
not matched for speed. That is, weights (amplitudes) of
the sources (Omlor and Giese 2007) extracted for the
joint angles increased for the activating emotions anger
and happiness, especially for the shoulder and elbow
joints and decreased during sadness and fear. Further-
more, for the matched speed comparison, all emotions
showed significant differences, thus confirming the ex-
istence of emotion-specific kinematic features indepen-
dent of changes in gait speed.

Here we attempted to identify parameters encapsu-
lating information about the expressed emotion other
than speed. Comparing all emotions to the neutral con-
dition, for all emotions except sadness the thigh ampli-
tude changed differently from what could have been
expected from speed alone. In contrast, phase shifts
showed almost no differences among emotions or groups.

L Fear, sadness - low speeds. Joy, anger - high speeds.
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Recall that the orientation of the intersegmental plane
is determined by some coupling of the amplitudes and
phases of the elevation angles (Barliya et al 2009). While
amplitudes and phases alone are not entirely informa-
tive, the orientation of the plane, correlated with the
reduction of energy expenditure for higher gait speeds
(Bianchi et al 1998), behaved differently during emo-
tional walking, especially during anger. The change in
the orientation of the plane with speed during angry
gait differed significantly from that with other emo-
tions. This finding may explain the observations of Pa-
terson et al (2001), Dittrich et al (1996), and Walk and
Homan (1984) on perception of emotions in dancing in
which anger was the most reliably identified emotion.
Thus, angry movements may contain more information
encoded in the kinematics beyond the effect of speed.
Finally, our finding also partially agrees with Walk and
Homan (1984)’s ”alarm hypothesis” according to which
expressions of anger and fear are more readily recog-
nized than other emotions.

4.3 The Emotion Perspective
4.3.1 Residual Effects of Emotion

So far we have focused on kinematic changes observed
during locomotion during different emotional states. Our
analysis was able to cancel out the effect of speed on
kinematics and focus on the residual effects of emotion
on gait patterns. Both the professional and naive sub-
jects behaved similarly in terms of high level strategy
(e.g., orientation of the intersegmental plane). That is,
despite the large variability in the ability of actors to
encode emotion, and given that this variability becomes
even more prominent when comparing professional and
naive subjects, there is a stable phenomenon with re-
spect to the effect of speed. This was also found by
Wallbott (1998).

Differences observed between professional actors and
naive subjects at the overall level of motion (e.g., smooth-
ness) were also reflected in how well the orientation of
the plane could be predicted by the model. The model
developed by Barliya et al (2009) did not perform as
well for the professional as for the naive subjectsm, pos-
sibly due to exaggeration during performance. However,
the more actors exaggerate their portrayals of emotion,
the more accurate people are at identifying the emo-
tion (Atkinson et al 2004; Pollick et al 2003, 2001a; Hill
and Pollick 2000). Clearly, a major part of the training
of professional actors is to accurately convey their own
emotion. They may achieve this through exaggeration,
even if subtle.

Emotions, as we know them, developed in mammals,

well after the evolution of the bodies adapted to inter-
action with the external environment and generating lo-
comotory movements. This could explain why, in spite
of their functional significance, emotions often only fine-
tune the characteristics of these more fundamental ac-
tions (Amaya et al 1996). The model of Barliya et al
(2009) provides only a first order approximation for the
law of intersemental coordination. Information residing
in higher harmonics not captured by the model must
be taken into account to provide a more complete de-
scription of the effect of emotions on kinematics and
intersegmental coordination.

4.3.2 Theories of Emotion

Sadness and fear are associated with avoidance and
withdrawal behaviors, while happiness and anger are
considered to be associated with approach. The differ-
ences between the emotions associated with approach
versus withdrawal behaviors are manifested in the gait
kinematic features even after removing the effect of
speed, e.g., the amplitudes of the shank and foot move-
ments differ significantly. Likewise, the thigh ampli-
tude differed when comparing anger and happiness with
sadness. The orientation of the intersegmental plane
similarly allowed distinction between these emotional
groups but only with respect to a rotation about an
axis which does not reduce energy expenditure when
gait speed increases. Possibly, when removing the effect
of speed, the remaining rotation of the intersegmental
plane reflects kinematic changes which serve to express
the different emotions. This requires further investiga-
tion.

Alternatively, the results can be analysed in the con-
text of discrete versus dimensional theories of emotion.
In the discrete model each emotion is thought to emerge
from an independent neural system (Scherer 2000). This
model cannot capture our large variety of distinct emo-
tional experiences. In the dimensional model all affec-
tive states arise from two fundamental neurophysiologi-
cal systems, one related to valence (a pleasure-displeasure
continuum) and the other to arousal, or alertness (Rus-
sell 1980). Thus, each emotion can be understood as
a linear combination of these two dimensions, the cir-
cumplex model (Posner et al 2005).

Our experimental design assumes a discrete emotional
representation as the subjects were asked to recall an
event for each of the basic emotions. However, our re-
sults may not support a clear distinction between the
kinematic parameters associated with the different emo-
tions, as already implied by our dividing the emotions
with respect to positive and negative valences.

In the circumplex model sadness comprises low valence
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and low arousal, happiness is characterized by high va-
lence and mild arousal, anger and fear are both re-
lated to a high arousal, however fear is distinguished
by a lower valence (both negative). While our results
cannot confirm or refute the above division, the lack
of strong distinction between the emotions when the
effect of speed is canceled out (Figures 13-15) and a
gradual transition between related emotions may indi-
cate complex influence of and interactions among sev-
eral neuronal networks. This would fit Russell and Fehr
(1994) claim that emotions seem to lack discrete bor-
ders clearly differentiating one emotion from another.
Also, studies of subjective experience of emotion have
noted that emotions are intercorrelated (Russell and
Carroll 1999).

4.4 Neural Substrates & Central Pattern Generators

The neural networks driving repetitive movements mo-

tions are often called central pattern generators (CPGs).

These circuits may not be located in the brain but in the
spinal cord (Grillner 1996) The lumbar spinal cord con-
tains sufficient neuronal elements to produce the precise
timing and activation of the large number of hindlimb
muscles used during locomotion (Grillner 1981). A fully
functioning CPG should support three main features to
facilitate locomotion (Kiehn 2006):

1. Setting the rhythm

2. Ipsilateral coordination of flexor/extensor across the
same or different joints within a limb

3. Left/right coordination

As the amplitude of locomotor output can change in-
dependently of a change in locomotor speed, i.e., the
pattern can be changed independently of the rhythm
(Kriellaars et al 1994), mammalian locomotor CPGs-
may have two layers: a rhythm-generating layer and
a pattern-generating layer (for coordination of flexor-
extensor and left-right activity) (Burke et al 2001; Degt-
yarenko and McCrea 2005). If this is the case, then
circuits relaying emotional affect could directly influ-
ence the pattern of locomotion independently of speed.
Grillner (1996) has suggested the following scheme for
human locomotion:

”Specialized neural circuits in the forebrain se-
lect among an array of "motor programs” by
activating specific parts of the brain stem. The
brain stem in turn initiates locomotion and con-
trols the speed of these movements by exciting
neural networks (called central pattern genera-
tors) located within the spinal cord. These local

networks contain the necessary control circuitry
to start and stop the muscular contractions in-
volved in locomotion at the appropriate times.”

Thus, an emotion-related circuit must intervene before
the motor program is selected and activated by the
brain stem. Such intervention is indeed possible via
basal ganglia and brainstem loops that may be involved
in the appropriate expression of locomotor behaviors by
integrating volitional and emotional signals from the
forebrain (Takakusaki et al 2004). Finally, emotional
aspects of motor behavior are possibly affected by pro-
jections from the limbic structures (hippocampus and
amygdala) to the nucleus accumbens (Grillner et al
1997).

To conclude, many emotion studies have investi-
gated how kinematic parameters of locomotion are af-
fected during different emotional experiences. They all
report that speed, is one of the most prominent vari-
ables changing with different emotions. This may ex-
plain some of the differences in the gait patterns ob-
served in most of these studies. Only few attempts have
been made to tackle the role of speed in determining
changes in gait patterns under different emotional con-
ditions (see Roether et al (2009)). Here, we show quan-
titatively the effect of speed on the kinematic variables
associated with intersegmental coordination during hu-
man locomotion during emotional and neutral condi-
tions. Further studies are required to discover the sys-
tem responsible for the motor manifestations that are
not a direct outcome of changes in speed.
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