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To prevent falls, control of the swing foot during walking is crucial. Recently, some studies demonstrated
that the coordinated movement of lower limbs by kinematic synergy is important for stable walking.
However, no study has been carried out to reveal the relation between falls and kinematic synergy,
and it is unclear whether fall history alters the kinematic synergy. Thus, the purpose of this study was
to test the effects of fall history on kinematic synergy using uncontrolled manifold (UCM) analysis.
Older adults were divided into two groups: older adults without fall history (non-fallers, n = 14) and older
adults with fall history of at least one fall in the 12 months prior to the measurements (fallers, n = 10).
Subjects walked at their own comfortable speed on a pathway and kinematic data were collected.
UCM analysis was performed to assess how variability of segmental configurations in the frontal plane,
the mediolateral and vertical directions, affects the frontal trajectory of the swing foot. Fallers had a
greater variability of segmental configurations than non-fallers in all phases. In the mediolateral direc-
tion, the kinematic synergy in fallers was significantly greater than that in non-fallers during the early
and late swing phases. On the other hands, fallers continuously had greater kinematic synergy compared
to non-fallers in the vertical direction. The results revealed that fall history increased the kinematic syn-
ergy, although fallers needed a greater variability of segmental configurations as a compensatory strategy
to ensure kinematic synergy.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Falls in older adults are very common problems encountered in
daily life, and it is important to maintain stability during walking
(Imms et al., 1977). Falls often occur with lateral body motions,
which are associated more with instabilities in the frontal plane
as compared to those in the sagittal plane (Maki, 1997; Maki and
McIlroy, 2006; Rogers and Mille, 2003). Indeed, previous studies
have shown that sensitivity to perturbations during walking was
much higher in the frontal plane than the sagittal plane, and walk-
ing requires active control by the central nervous system to main-
tain stability, particularly in the frontal plane (Bauby and Kuo,
2000; O’Connor and Kuo, 2009). To evaluate the risk of falling, sev-
eral indices were used, such as walking speed, cadence, stride
length, and step width (Maki, 1997; Barak et al., 2006). The swing
foot trajectory is also important to create a proper base of support
and to prevent falls (Rogers and Mille, 2003). Considering that
swing foot is an end-effector of a multiple degree of freedom sys-
tem during walking, uncontrolled manifold (UCM) analysis that
calculates the segmental configurations related to swing foot tra-
jectory is a feasible way to evaluate swing foot stability
(Krishnan et al., 2013; Rosenblatt et al., 2015).

UCM hypothesis assumes that the central nervous system orga-
nizes kinematic variability at the level of multiple elemental vari-
ables (the multiple segmental angles in this study) to stabilize the
performance variable (the swing foot trajectory in this study). The
performance variable is potentially important to achieve coordi-
nated and successful movements (e.g., the center of mass during
standing, the swing foot during walking) (Scholz and Schöner,
1999). Recently, UCM analysis is applied to standing, hopping,
and to upper limb movements (Kapur et al., 2010; Yen and
Chang, 2010; Verrel et al., 2012; Hsu et al., 2014). UCM analysis
calculates the variability of elemental variables across repeated tri-
als, and is categorized into two components: variance within the
UCM (VUCM) and variance orthogonal to the UCM (VORT). VUCM is
the ‘‘good variability” that reflects stable performance variable,
whereas VORT is the ‘‘bad variability” that reflects unstable perfor-
mance variable. If VUCM is greater than VORT, the segmental config-
uration is flexible and coordinated to stabilize a performance
variable by kinematic synergy (Scholz and Schöner, 1999).
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Kinematic synergy is a proportional change in segmental con-
figuration and contributes to reducing the number of hypothetical
variables manipulated by the controller (Krishnan et al., 2013).
High kinematic synergy implies high stability of a performance
variable. Previous studies have shown that higher posture-
stabilizing synergy index was seen in younger adults as compared
to older adults during balance recovery after a quick perturbation
(Hsu et al., 2013). On the other hand, Black et al. showed patients
with Down syndrome had greater posture-stabilizing synergy dur-
ing gait than healthy subjects (Black et al., 2007), suggesting the
patients used compensatory strategy for successful gait. Older
adults who had fall history might use the compensatory strategy
due to their fall experiences. However, there is no study to investi-
gate the effect of falls on kinematic synergy. Comparing the kine-
matic synergy between fallers and non-fallers is crucial to
understand falls in older adults.

The purpose of the current study was to examine whether fall
history affect the kinematic synergy in the frontal plane. The
hypothesis was that the synergy stabilizing the swing foot in the
frontal plane would be greater in fallers than in non-fallers through
the swing phase.
2. Methodology

2.1. Participants

A total of 24 community-dwelling older adults participated in
this study. The physical characteristics are shown in Table 1. Fall
history was obtained by self-report of questionnaires and the sub-
jects were divided into two groups: older adults without fall his-
tory (non-fallers, n = 14); and older adults who experienced at
least one fall in the 12 months prior to the measurements (fallers,
n = 10). Exclusion criteria for older adults included neurological
disorders or musculoskeletal injuries that would affect perfor-
mance, or an inability to walk without assistance. All subjects gave
their informed consent to participate according to the procedures
approved by the Research Ethics Committee of Kyoto University.
2.2. Protocol

Subjects walked a 6-m pathway at their own comfortable speed,
repeating the walk 20 times after three practices. For steady state
walking, we used forty steps except for the first four steps for fur-
ther analysis (Halliday et al., 1998; Lindemann et al., 2008). We did
not constrain walking speed, but we asked the participants to walk
at a comfortable speed to evaluate their natural gait (Hausdorff
et al., 2001). Twenty-two spherical reflective markers were placed
on both sides of each participant at the following locations: first
metatarsal, fifth metatarsal, medial malleolus, lateral malleolus,
medial femoral condyle, lateral femoral condyle, medial tibia con-
dyle, lateral tibia condyle, greater trochanter, and anterior superior
Table 1
Physical characteristics.

Non-fallers Fallers p value

Age (years) 75.1 ± 5.4 78.0 ± 2.7 0.09
Height (m) 1.6 ± 0.09 1.6 ± 0.1 0.14
Weight (kg) 57.7 ± 7.8 53.0 ± 8.0 0.09
Step length (cm) 55.9 ± 5.0 51.60 ± 5.1 0.04*

Step width (cm) 9.8 ± 2.3 10.73 ± 2.5 0.33
Cadence (steps/min) 99.0 ± 8.2 96.83 ± 11.5 0.78
Walking speed (cm/s) 125.3 ± 15.6 101.42 ± 45.8 0.06
Swing time (%) 35.2 ± 3.6 36.7 ± 3.0 0.19
Stride length ratio 0.9 ± 0.05 0.9 ± 0.04 0.97

* p � 0.05 between non-fallers and fallers.
iliac spine. The kinematics data were recorded with infrared cam-
eras (VICON MX; Vicon Motion Systems, Oxford) at sample fre-
quencies of 100 Hz. The marker data were used to identify the
center of the joints in the frontal plane. The performance variable,
the swing foot trajectory, was defined as the median between first
and fifth metatarsal (TOE), and the position of the ankle, knee, and
hip joint (femoral head center) was calculated with marker posi-
tions (Winter, 2009). Analysis was performed for the right limb
from toe-off until heel contact because all participants were
right-leg dominant. The swing data was normalized by time
(0–100%). It was difficult to divide the swing data individually
using the kinematic data; therefore, we divided the data equally
into 0–33% (early-swing), 34–67% (mid-swing), and 68–100%
(late-swing) periods (Perry, 1992).

Trajectories of the swing foot relative to the stance foot were
measured in the mediolateral (ML) and vertical (V) directions,
and the segmental angles were calculated (see the Section 2.3).
The averages and the variabilities of the swing foot and the seg-
mental angles were calculated across 40 steps. The variability of
the swing foot was calculated as the standard deviation across
the steps. For further statistical comparisons, the variables were
averaged within three phases, early-, mid-, and late-swing. Addi-
tionally, general walking parameters, such as step length, step
width, cadence, walking speed, and swing time as a percent of
stride time, and stride length ratio as an index of gaits symmetry,
were also measured to realize the features of both groups.
2.3. UCM analysis

UCM analysis was applied to evaluate the kinematic variability
of multiple joints. A detailed description of UCM analysis and its
application to the swing foot trajectory procedure are noted else-
where (Krishnan et al., 2013; Scholz and Schöner, 1999). Krishnan
et al. used a geometric model without bilateral feet and shank dur-
ing the stance phase (Krishnan et al., 2013). In contrast, we created
a new geometric model that included these segments, because the
foot has important roles as a terminal joint in the kinetic chain for
the lower limb (Donatelli, 1985), and the coordination of the stance
limb that includes the shank is important (Papi et al., 2015). In
brief, we created seven segments (pelvis, bilateral feet, shanks,
and thighs) from each marker data, 14 degrees of freedom (DOF)
geometric models, which correspond to segmental angles related
to seven DOFs in the frontal plane and seven DOFs in the sagittal
and transverse plane, to calculate the accurate length of segments
(L) in the frontal plane, as shown in Fig. 1. These DOFs were chosen
as elemental variables to stabilize a performance variable
described as TOE in the current study. We applied the geometric
mode to ML and V directions.

TOE trajectory in ML (TOEML) and V (TOEV) directions and the
elemental variable matrix were expressed as:

TOEML ¼ L1 cosa1 sin h1 þ L2 cosa2 sin h2 þ L3 cosa3 sin h3
þ L4 cosa4 sin h4 þ L5 cosa5 sin h5 þ L6 cosa6 sin h6
þ L7 cosa7 sin h7
TOEV ¼ L1 cosa1 cos h1 þ L2 cosa2 cos h2 þ L3 cosa3 cos h3
þ L4 cosa4 cos h4 þ L5 cosa5 cos h5 þ L6 cosa6 cos h6
þ L7 cosa7 cos h7

The relationship between the TOE trajectory and elemental
variable was estimated via the Jacobian (J). J is a matrix of partial
derivatives of the performance variable with respect to each of
the segmental angle variables. We used matrix decomposition to
calculate the null-space of the J. The null space, e, is (n - d) vectors;
the number of dimensions in the segmental configuration space



Fig. 1. Schematic illustrations of the segmental angles for the geometric model. Seven segments and 14 degrees of freedom, 7 degrees of freedom in the frontal plane (left
foot,H1: left shank,H2: left thigh,H3: pelvis,H4: right thigh,H5: right shank,H6: right foot,H7) and 7 degrees of freedom in sagittal and transverse plane (left foot, a1: left
shank, a2: left thigh, a3: pelvis, a4: left thigh, a5: right shank, a6: right foot, a7) were utilized for the analysis.
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(n = 14) and the number of dimensions of TOE trajectories (d = 1)
(Krishnan et al., 2013; Scholz and Schöner, 1999). At every percent-
age of swing, the differences of the segmental configurations from

their mean (h� h
�
) were projected onto the null space:

hUCM ¼
Xn�d

i¼1

h� h
�� �

� ei

and onto a component orthogonal to this subspace:

hORT ¼ h� h
�� �

� hUCM

The variance (VUCM) that does not affect the TOE trajectory was
calculated as the between step average squared length of hUCM:

VUCM ¼ ðn� dÞ�1 � N�1 �
X

ðhUCMÞ2

Similarly, the variance (VORT) that affects the TOE trajectory was
calculated as:

VORT ¼ d�1 � N�1 �
X

ðhORTÞ2

Furthermore, the synergy index DV was calculated to evaluate the
strength of the synergy from lower segments. This synergy index
(Krishnan et al., 2013) was calculated as:

DV ¼ ðVUCM � VORTÞ
VTOT

where

VTOT ¼ 1
n

� �
ðdVORT þ ðn� dÞVUCMÞ

The maximum DV is 14/13 (all variances lie within UCM), and
the minimum DV is �14 (all variances lie in the orthogonal sub-
space); a more positive DV implies stronger synergy (Robert
et al., 2009). For statistical analysis, we modified DV using Fisher’s
z-transformation (DVZ) (Robert et al., 2009):

DVZ ¼ 0:5 � log 14þ DV
14
13

� �� DV

" #

For the current model, DVZ < 0.557 implies the absence of syn-
ergy. To perform further statistical analyses, the segmental angles
and indices of UCM analysis were averaged within the three
phases: early-, mid-, and late-swing.
2.4. Statistical analysis

To evaluate the characteristics of the participants, independent
t-tests were conducted to compare the age, weight, height, and
general walking parameters between groups. Additionally, the
average segmental angles and segmental angle variabilities were
compared among the groups using independent t-tests in each
phase. Also, analysis of variance for split-plot factorial designs
were conducted to investigate the effects of Group (faller and
non-faller) and Phase (early-swing, mid-swing, and late-swing)
for the averaged swing foot, the swing foot variability, VUCM, VORT,
and DVZ in ML and V directions, and the results were used to
quantify whether fall history alters synergy index. When interac-
tion effects were detected, post hoc comparisons were performed
to test the differences in the variables between faller and
non-faller or among early-, mid-, and late-swing. In cases of
violations of normality, log-transformation was used prior to the
parametric statistics. All statistical analyses were performed using
SPSS software (PASW Statistics, Chicago) and the alpha level was
set at 0.05.
3. Results

3.1. Physical characteristics

There was no significant difference was found for age, weight,
height, and walking parameters except the step length (p < 0.05).
We found that right shank angle (H6) in early-swing was signifi-
cantly lower in fallers (p < 0.05), although there was no significant
difference in the other segmental angles. Regarding the segmental
angle variabilities, variabilities of shank angle (a6) during early-
and mid-swing were significantly greater for fallers compared to
non-fallers (p < 0.05). There was no significant effect of Group
and Phase for averaged swing foot in V and ML directions. For
swing foot variability, no significant effects of Group and Phase
were found in ML direction, whereas we found a significant effect
of Group (F (1, 22) = 8.5, p < 0.01) in V direction (Fig. 2). The swing
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Fig. 2. The averaged time profiles of the swing foot (a and c) and the swing foot variability (b and d) across subjects with standard deviation. Left panels (a and c): the
averaged time profiles of the swing foot in the normalized swing phases. The solid lines represent the averaged values, and the dotted lines represent the standard deviations;
Right panels (b and d): the swing foot variability for three phases, early-swing, mid-swing, and late-swing. The error bars represent the standard deviations. The indices of the
swing foot in fallers (black lines or black bars) and in non-fallers (grey lines and grey bars) are shown in mediolateral (ML) and vertical (V) direction. *Significant differences
(p < 0.05) between fallers and non-fallers.
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foot variability in fallers was significantly greater as compared to
non-fallers in V direction. There were no interactions between fac-
tors for the swing foot variabilities.

3.2. Indices of UCM analysis

Fig. 3 shows the magnitudes of VUCM in ML and V directions
(Fig. 3a and b). For VUCM in both directions, there were significant
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The magnitudes of VORT are presented in Fig. 3c and d. For VORT

in ML direction, there were significant effects of Group (F (1, 22) =
9.4, p < 0.01), Phase (F (2, 44) = 53.5, p < 0.001), and Group � Phase
(F (2, 44) = 11.4, p < 0.01) interactions. VORT in fallers was greater
during early-swing as compared to mid- and late-swing, whereas
VORT in non-fallers was lower during mid-swing as compared to
early- and late-swing. Additionally, VORT in fallers were signifi-
cantly greater than those in non-fallers in all phases. In V direction,
we found the effects of Group (F (1, 22) = 78.8, p < 0.001), and Phase
(F (2, 44) = 8.3, p < 0.01), with no interaction. VORT during late-
swing was significantly greater as compared to the other phases.
VORT in fallers was significantly greater than those in non-fallers,
similar to VORT in ML direction.

The magnitudes of DVZ are presented in Fig. 4. For DVZ in both
directions, the fallers and non-fallers were above 0.557 in all three
phases, thus indicating the existence of synergy (see Methods). In
ML direction, significant effects of Group (F (1, 22) = 9.0, p < 0.01),
Phase (F (2, 44) = 21.3, p < 0.001), and Group x Phase interaction
(F (2, 44) = 9.7, p < 0.01) were found. As results of the interaction,
during early-swing and late-swing, DVZ values in fallers were sig-
nificantly greater than in non-fallers, although there was no differ-
ence during mid-swing. DVZ in fallers was no significant difference
across phases, whereas DVZ in non-fallers was greater during mid-
swing as compared to early- and late-swing. On the other hand, we
found significant effect of Group (F (1, 22) = 16.2, p < 0.01) in V
direction, with no interaction. DVZ in fallers was significantly
greater as compared to non-fallers.
4. Discussion

The purpose of this study was to investigate whether fall history
alters the strength of the kinematic synergy. We found the signif-
icant effect of fall history on the synergy index (DVZ) in ML and V
directions. In ML direction, DVZ in fallers was greater than that in
non-fallers during early-swing and late-swing, while there was no
significant difference during mid-swing. In V direction, DVZ in fall-
ers were greater than that in non-fallers throughout the swing
phase. These observations were supported our hypothesis, that is,
the synergy stabilizing the swing foot in the frontal plane would
be greater in fallers than in non-fallers through the swing phase.
Both variance components, VUCM and VORT, in fallers were continu-
ously greater compared to non-fallers throughout the swing phase
in both directions. Moreover, VUCM in both fallers and non-fallers
had the similar effect of phase in both directions. Also, the both
groups had the similar effect of phase for VORT in V direction. In
ML direction, VORT in non-fallers dropped from early-swing to
mid-swing and increased from mid-swing to late-swing. On the
other hands, an increase in VORT in fallers was not seen from
mid-swing to late-swing, although there was a drop from early-
swing to mid-swing.

In the ML direction, DVZ in non-fallers increased from toe-off to
mid-swing and decreased frommid-swing to heel contact, whereas
DVZ values in fallers were consistently high during all three phases.
As a result of this interaction, DVZ in fallers and non-fallers were
similarly high during mid-swing. During this phase, healthy adults
stabilized the swing foot by a decrease in VORT and an increase in
synergy, and the phenomena strengthened when walking on a nar-
row walkway, bringing the stance and swing legs closer (Krishnan
et al., 2013; Rosenblatt et al., 2015). These findings were similar to
our results for fallers and non-fallers. It is possible that a higher
DVZ during mid-swing might occur to prevent the collision of
stance and swing legs during walking.

During early-swing and late-swing, fallers had greater DVZ due
to an increase in VUCM compared to non-fallers. These results were
inconsistent with the general idea that high VUCM and DVZ reflect
better performance (Hsu et al., 2013), because older adults with fall
histories would not be ‘‘better walkers”. We concluded that fallers
could not use a strategy of purposeful destabilization (Park et al.,
2012; Wang et al., 2014). Earlier studies showed that a decrease
in synergy prior to an external postural perturbation or self-
triggered perturbation was important as a feed-forward adjust-
ment (Kim et al., 2006; Krishnan et al., 2011). Similar adjustments
in synergy were also seen during movement, and it was shown that
this function is related to the instability of the movement (Singh
and Latash, 2011; Park et al., 2012; Wang et al., 2014). The differ-
ences in DVZ between fallers and non-fallers might be related to
the ability of feed-forward adjustments.

A previous study has shown that patients with Down syndrome
walked with higher VUCM as well as higher positional variability
(Black et al., 2007). The authors interpreted that patients exploited
a larger workspace and variability to compensate for the inherent
mechanical motor instability (e.g., poor postural control), and as a
result, an increase in synergy was observed (Black et al., 2007). Dif-
ferent motor strategies with high variability would be important to
retain the performance variable for people who have poor postural
stability. High foot variabilities in the V direction (not in ML direc-
tion) and VUCM might reflect a compensatory strategy to minimize
postural instability.

Another interpretation of the results is the effects of the threat
of falling. Rosenblatt et al. (2014) showed healthy younger adults
increased VUCM when precision of foot placement is required dur-
ing walking (e.g., walking in two lines marked on the pathway).
Moreover, they found that healthy younger adults greatly
increased VUCM when the threat of walking was added (e.g., walk-
ing on a narrow and high block) (Rosenblatt et al., 2014). People
who had fall experiences feel threatened by walking, and these
previous experiences sometimes change the walking strategy of
the central nervous system (Tinetti et al., 1990; Brown et al.,
2002; Maki and Whitelaw, 1993). We did not evaluate the threat
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of falling for our subjects, so in the future, it will be necessary to
clarify if this threat leads to greater VUCM during walking.

Compared to non-fallers, fallers had higher variabilities of the
right shank in the sagittal plane in early- and mid-swing. Until
early mid-swing, the shank and thigh movements by knee flexors
are important to create sufficient foot clearance during walking,
and these adjustments contribute to a proper foot placement
(Patla and Prentice, 1995; Perry, 1992; Rankin et al., 2014). Given
that the shank segment is linked to foot segment, fallers might
use high shank variabilities for effective adjustment of foot posi-
tion. The high shank variabilities possibly caused the high foot
variabilities in the V direction, but the fallers stabilized the average
swing foot position similar to non-fallers. The fallers can thus
exploit this variability to retain the swing foot close to the average
position.

The clinical significance of this study was to verify changes in
the structures and features of variability due to fall history. Tradi-
tionally, the variability was utilized as an index to evaluate the risk
of falling, and an increase in the variability was usually assumed
because of the caution of falls (Maki, 1997; Barak et al., 2006).
The results of UCM analysis, however, revealed that higher vari-
ability in older adults with fall histories stabilized the swing foot
and was a motor strategy to compensate for some mechanical
motor instabilities. UCM analysis can evaluate how variability is
controlled with respect to a performance variable, and the indices
may be able to sensitively evaluate the potential risk of falling.
Future research will be necessary to clarify if the UCM indices
are related to the actual fall incidents.

There were some limitations in the current study. First, we did
not measure the effects of upper body on kinematic synergy
during walking. While the upper body might not have an impact
on the foot position directly, it could have an important impact
upon persons’ stability during walking. Second, we did not obtain
detailed information about falls. The swing foot trajectory is
mostly related to tripping (Berg et al., 1997; Stephen N
Robinovitch et al., 2013), but the fall experiences also included
falling by collapse and loss of consciousness (Stephen N
Robinovitch et al., 2013). We were not able to confirm that
tripping was the cause of falls for fallers.

5. Conclusions

Overall, our study is the first to demonstrate an alteration of
kinematic synergy due to fall history. We revealed that fluctuation
in a synergy index in mediolateral direction and increase in a syn-
ergy index in vertical direction can be important strategies during
walking. The alteration of fallers might be a compensatory strategy
resulting from the threat of walking. The indices of uncontrolled
manifold analysis can be useful tools to evaluate gait stability
before and after intervention.
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