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Abstract
The aim of this study was to examine how kinematic synergies are utilised as compensatory movements to stabilise foot 
positions under different walking task constraints in people with stroke. Ten (Males = 6, Females = 4) hemiplegic chronic 
stroke survivors volunteered to participate in this study, recruited from a rehabilitation centre. They completed a consent 
form and participated in treadmill walking tasks; flat, uphill, and crossing over a moving obstacle. The uncontrolled manifold 
method was used to quantify kinematic synergies in the paretic and non-paretic legs during their swing phase. The results of 
this study showed the strength of synergies was significantly greater in the obstacle task than in the uphill walking tasks at 
mid and terminal swing phases. In conclusion, the results suggest that walking in the challenging situations caused people 
with stroke to control step stability with greater compensation between lower extremity joints. Participants adapted to the 
increased challenge by increasing the amount of ‘good variability’, which could be a strategy to reduce the risks of falling.
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Introduction

The complexity of human movements is a natural and 
remarkable phenomenon. The question of how the central 
nervous system (CNS) governs this complexity and utilises 
it during voluntary actions has been a fundamental concern 
of motor control theories. It has been suggested that the 
complexity is controlled through an increase or decrease 
in the system dimensionality (Van Emmerik et al. 2005), 
which enables the system to “solve the degrees of freedom 
(DoFs) problem” (Bernstein 1967; Newell et  al. 2003). 
Several motor control theories propose different ways the 
CNS solves the degrees of freedom problem. For example, 
motor redundancy theory places emphasis on eliminating the 
redundant (unnecessary) elements to optimise performance 
(Bernstein 1967). The motor abundance principle (Gelfand 

and Latash 1998) focuses on how DoFs are coordinated as 
families of solutions (synergies), by imposing constraints 
to interact with demanding environments. Utilisation of all 
available DoFs in a motor system provides an adequate and 
effective system that can react quickly to perturbations and 
meet the requirements of a task (Latash et al. 2007).

Scholz and Schöner (1999) proposed the uncontrolled 
manifold (UCM) method to quantify synergy in a multi-
segment motor system. The UCM method partitions system 
variability into “good” and “bad” based on its contribution 
to the performance variable (e.g. foot position for stability). 
Variability in elemental variables (e.g. joint angles) that has 
no effect on the performance variable is classified as “good” 
(Latash et al 2007). On the other hand, variability in elemen-
tal variables that causes variability in the performance vari-
able is considered “bad” (Latash et al 2007). According to 
the UCM method, greater “good” than “bad” variability sug-
gests evidence of motor synergy (Scholz and Schöner 1999).

Some studies have reported the increased synergies as an 
adaptive strategy, under task and environment constraints 
(Qu 2012; Rosenblatt et al. 2014, 2015; Kao and Srivastava 
2018). Kao and Srivastava (2018) showed that stroke sur-
vivors demonstrated greater kinematic synergies at slower 
speeds (60–80% preferred speed) than faster speeds (100% 
and fastest possible). Qu (2012) studied kinematic synergies 
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and gait variability in fatigue and load carriage conditions, 
in able-bodied young males during treadmill walking. Load 
carriage and fatigue increased the magnitude of “good” var-
iability and increased the strength of synergy in the frontal 
plane—which were suggested to be adaptations to stabi-
lise the whole-body centre of mass (Qu 2012). However, 
sagittal plane stability control was only affected by load 
carriage (Qu 2012). Rosenblatt et al. (2014) used the UCM 
model to investigate the effect of task precision demands 
on motor synergy in able-bodied individuals during over 
ground walking. The need for motor synergy increased as 
the demands for precision in foot placement increased and 
participants achieved this by increasing the magnitude of 
“good” variability (Rosenblatt et al. 2014). In another tread-
mill walking experiment, Rosenblatt et al. (2015) manipu-
lated the task in terms of treadmill width with a group of 
able-bodied young adults. They showed that the need for 
motor synergy during mid-swing was increased when walk-
ing on a treadmill with a narrower belt because the swing 
foot moves closer to the stance leg in the frontal plane, and 
there is a greater need to stabilise the foot trajectory to pre-
vent the risk of collision between the foot and stance leg. 
Finally, Tokuda et al. (2018) studied gait synergies in peo-
ple with osteoarthritis at normal walking and lateral trunk 
lean walking (participants were required to lean the trunk 
by a specific target angle after the initial contact). Synergy 
indices were not different between conditions; however, the 
amount of “good” variability was greater in the lateral lean 
condition.

It is necessary for stroke survivors to adapt to environ-
mental constraints, such as uneven surfaces, obstacles, slops 
and stairs, in daily living for postural stability and the pre-
vention of falls. Body adaptations in response to environ-
ment and task constraints have been shown in people with 
stroke (Liao et al. 2014; Novak and Deshpande 2014; Low-
rey et al. 2007; MacLellan et al. 2015; Plummer-D’Amato 
et al. 2008, 2012; Manaf et al. 2015). Stroke survivors adapt 
frontal (e.g. hip abduction and circumduction) and sagit-
tal (e.g. hip flexion, knee flexion) plane movements whilst 
clearing obstacles during walking (Lu et al. 2010; MacLel-
lan et al. 2015) and walking uphill (Pandy et al. 2010; Perry 
and Burnfield 2010). More specifically, a compensation seen 
in hemiplegic stroke survivors (Balasubramanian et al. 2009; 
Hutin et al. 2011) is “frontal plane strategy”—increased hip 
abduction and pelvis tilt in the affected leg, as a response 
to muscle weaknesses in the sagittal plane (Stanhope et al. 
2014). One way to understand the effectiveness of such strat-
egy for postural stability and fall prevention is to examine 
the roles of movement variability and kinematic synergies 
under different task conditions. For example, Janshen et al. 
(2017) showed that the muscle synergies among active mus-
cles in flat and inclined walking conditions were adjusted 

by the CNS to provide stable walking ability under varying 
mechanical demands.

Stroke survivors encounter walking conditions during 
activities of daily living which are challenging and require 
effective control of foot trajectory during the swing phase. 
There is evidence that stroke survivors altered kinematic 
synergies during walking with an ankle orthosis (Papi et al. 
2015) or walking different from their preferred pace (Kao 
and Srivastava 2018). However, the effects of challenging 
walking conditions on swing phase foot trajectory and kin-
ematic synergies in people with stroke has not been reported. 
Therefore, the aim of this study was to examine the effects 
of challenging walking task and environmental constraints 
on lower extremity synergies to stabilise swing foot trajec-
tory in stroke survivors. We also were interested to know if 
synergy index and its variability components could predict 
the spatiotemporal gait parameters such as step width vari-
ability as indicator of risk of falling.

Methods

Participants

Ten participants (6 males and 4 females) volunteered to take 
part in this study and provided written informed consent. 
Participants were chronic stroke survivors that were referred 
to an outpatient rehabilitation clinic (Table 1). The hospital 
and university ethics committees approved all stages of the 
study. Inclusion criteria were the ability to walk indepen-
dently (with or without an assistant device) on the treadmill 
for 2 min, the absence of orthopaedic problems or significant 
pains in the lower extremities that limit their independent 
walking, and being hemiplegic in the right or left side of the 
body. All participants were assessed on motor ability (Motor 
Assessment Scale; MAS), balance (Timed Up and Go; TUG) 
and walking ability (10 meters walk test, 10MWT). Patients 
with inability to control their posture or legs (MAS score 
< 24), poor dynamic balance (TUG > 150 s), or inability 
to walk on the treadmill for 2 min were excluded from the 
study.

Materials

A walking treadmill (STEX, 8100TD Medical, Fitness 
Europe, Germany) that was adjustable in terms of slope and 
speed was used in this study. For safety reasons, there were 
two handles and a body-support harness to prevent any acci-
dent because of failure to walk or losing balance in some 
patients. The patients who were not able to walk indepen-
dently (without supports) on the treadmill were excluded. A 
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physiotherapist accompanied the patients during the walking 
task and other clinical assessment tests.

A 3D motion analysis system was used to analyse gait. 
The system used three digital cameras (Panasonic V160 HD 
Camcorder, Japan), with a 6-megapixel resolution and 50 Hz 
frame rate. Cameras were focussed on the right side, left 
side and front of the treadmill (with a separation of approx-
imately 60°). The cameras were placed 170 cm from the 
treadmill and at a height of 65 cm from the floor.

Reflective adhesive markers (20 mm) were attached on 
bony landmarks of both the right and left legs: second meta-
tarsal head (foot), lateral malleolus (ankle), between lateral 
femoral epicondyle and fibula apex (knee), and greater tro-
chanter. Anthropometric measures were used to calculate the 
joints centre. A calibration cube was used to calibrate the 
motion capture volume. The 3D motion data were analysed 
through Simi motion software (Simi Co, Germany). Raw 
data were smoothed using a Butterworth 2nd order low pass 
(dual-pass) filter with a 6 Hz cut-off frequency.

Procedure

Participants individually met a qualified physiotherapist 
and the principal investigator for clinical assessments. Limb 
function was assessed by MAS (Carr et al. 1985), which 
includes eight different movements, and it assesses the qual-
ity of motions that require balance, mobility, positioning 
and ambulation based on the 6-point rating scale (lowest 
score represents the most severe disability). Dynamic bal-
ance was assessed with the TUG test, a valid and reliable 
test for assessing balance and walking abilities (Shamay and 
Hui-Chan 2005). Participants sat on a chair, then stood up 
and walked a distance of 3 m and returned to the initial 
sitting position, with the time taken to complete this move-
ment recorded. Each participant performed one trial after 

familiarisation with the procedures. The 10MWT was used 
to assess walking ability in participants. 10MWT is a valid 
and reliable mobility test in adults with neurological disor-
ders (Jackson et al. 2008). Only one trial was undertaken 
to demonstrate the capacity for independent walking and 
participants were able to use assistive devices (e.g. stick) if 
they needed.

Preferred walking speed was determined during a famil-
iarisation trial in which the participants walked on a flat 
treadmill for 1 min and investigators recorded the preferred 
speed of the participants (0.21 ± 0.09 m/s). There were three 
main walking tasks with 2 min duration for further analysis 
in this study: flat (FW), inclined uphill (UW) and obstacle 
(OW). In the UW condition, the participants were required 
to walk at their preferred speed with the slope of treadmill 
was set at + 5°. In OW condition, a 3D paper obstacle (L:50, 
W:3, H:1 cm) was attached orthogonally to the treadmill 
belt and participants were asked to cross the foot over the 
obstacle to avoid any contact whilst walking. Only the steps 
over the obstacle were included in the analysis for OW. In 
FW condition, they walked on the flat treadmill, as in the 
familiarisation phase. The order of the conditions was coun-
terbalanced among participants. Twelve successive strides 
of each leg from the last moments of the walking trial were 
selected from each condition for further analysis. There was 
a 3-min break between conditions.

Data analysis

A spline interpolation method was used to normalise the raw 
kinematics data of a swing phase with respect to time (toe-
off: 0% to initial contact: 100%). The UCM model and analy-
sis methods described by Krishnan et al. (2013) were used to 
calculate variability components which affect (VORT—“bad” 
variability) and those that do not affect (VUCM—“good” 

Table 1   Demographic measures of participants on age, sex and motor functions

TUG​ timed up and go, MAS Motor Assessment Scale, 10MWT 10 meters walk test

No Sex Age (year) Affected side Stroke Duration 
(months)

TUG (second) MAS (score) 10MWT (score)

1 Male 78 Left 18 27.19 47 19.32
2 Male 74 Right 24 33 31 25.86
3 Male 34 Left 18 23 45 9
4 Male 55 Right 36 76 41 90
5 Female 45 Left 36 30 36 19.59
6 Female 72 Left 14 39 40 31
7 Female 70 Left 6 42 42 56.16
8 Male 75 Left 60 46 27 29.16
9 Male 57 Right 24 65 37 65
10 Male 58 Right 7 10.11 40 10.93
Mean 61.8 (14.51) 40% Right, 60% Left 23.9 (16.7) 39.13 (19.5) 38.6 (6.1) 45.6 (26.3)
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variability) mediolateral position of the ankle joint. Kin-
ematic synergy index (ΔVZ) was then calculated.

Kinematic synergy index was calculated using the UCM 
methods (see appendix) adapted from Krishnan et al. (2013). 
The adapted model separated the thigh and shank segments 
in the stance and swing legs due to kinematic character-
ises of hemiplegic gait such as decreased knee extension in 
swing leg (Moore et al. 1993) and increased hip abduction 
and knee flexion in the stance leg (Moseley et al. 1993). As 
gait stability is different and dependent whether the paretic 
or non-paretic leg is in swing (Stanhope et al. 2014), two 
UCM models were used; one for paretic leg and one for 
non-paretic leg swing phases. For the current model, ΔVZ = 
0.477 represents the absence of a synergy, whereas ΔVZ > 
0.477 represents the presence of a synergy and ΔVZ < 0.477 
refers to anti-synergy.

The interpolated swing phase (0–100%) was also divided 
into three sub-phases: initial-swing (0–33%), mid-swing 
(34–67%) and terminal (68–100%) swing (Olney and Eng 
2011). Initial contact and toe-off moments were determined 
when the swing leg was in its minimum and maximum 
length (in X axis), respectively. Two step widths were calcu-
lated; one for which the step was initiated by the paretic leg 
and one for which the step was initiated by the non-paretic 
leg. Step width variability was calculated based on the stand-
ard deviations of the absolute distance between the right and 
left foot markers in the mediolateral direction at initial con-
tact. All values of ΔVZ, VUCM and VORT were averaged across 
swing sub-phases (initial, mid and terminal) and tasks.

A 2 (Leg) × 3 (Task) × 3 (Swing Phase) within-partici-
pants analysis of variance (ANOVA) with repeated measures 
on all factors was used to compare the selected dependent 
variables. A 2 (Leg) × 3 (Task) within-participants ANOVA 
with repeated measures on both factors was used to com-
pare the spatiotemporal parameters. The Bonferroni post hoc 

test was used to follow-up the significant main effects and 
interactions. The Pearson correlation coefficient method was 
used to examine the association between ΔVZ, VUCM, VORT, 
and step width variability in paretic and non-paretic legs at 
initial contact in flat walking condition. The same method 
was used to examine the association between functional tests 
(MAS, TUG, 10MWT) and spatiotemporal variability dur-
ing treadmill walking in the flat walking condition (Fig. 1).

The confidence interval was set at 95%, two-tailed. All 
statistical analysis was performed using SPSS IBM 22 (IBM, 
USA).

Results

Spatiotemporal parameters

The results of gait performance during treadmill walking are 
presented in Table 2. The results of 2-way repeated measures 
ANOVA showed that there was a significant main effect of 
task on variability in stride time interval (F2,8 = 3.47, p < 
0.05, ω2 = 0.44), stride length (F2,8 = 22.52, p < 0.05, ω2 
= 0.81), step length (F2,8 = 24.95, p < 0.05, ω2 = 0.82) and 
step width (F2,8 = 5.12, p < 0.05, ω2 = 0.46). The main 
effect of leg and the interaction between task and leg was not 
significant (p > 0.05). The results of Bonferroni post hoc test 
showed that the obstacle condition relative to other walking 
conditions had significantly higher stride time variability 
(OW = 0.08 ± 0.001, FW = 0.06 ± 0.008, UW = 0.05 ± 
0.002), stride length variability (OW = 0.07 ± 0.001, FW = 
0.04 ± 0.003, UW = 0.03 ± 0.004), step length variability 
(OW = 0.07 ± 0.005, FW = 0.03 ± 0.007, UW = 0.03 ± 
0.006) and step width variability (OW = 0.03 ± 0.004, FW 
= 0.02 ± 0.005, UW = 0.02 ± 0.008).

Fig. 1   The geometric model was used to quantify the multi-segment synergy
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Pearson correlation coefficients showed that only MAS 
score significantly associated with step width variability in 
both paretic leg (r = − 0.65, p < 0.05) and non-paretic leg 
(r = − 0.64, p < 0.05). The relationship between other spa-
tiotemporal gait parameters and motor functions were not 
significant (p > 0.05).

Synergy index in stroke survivors

The interaction of task, leg and swing phase on synergy 
index was significant (F4,36 = 3.1, p < 0.05, ω2 = 0.35), but 
the main effects of task, leg, swing phase and other interac-
tions among factors were not significant (see Fig. 2). Post 
hoc analysis revealed that the highest synergy index were 
in the obstacle condition in paretic leg at terminal and mid-
swing and in non-paretic leg at initial, mid and terminal 
swing. The paretic and non-paretic legs in uphill conditions 
had lowest synergy index.

There was a significant interaction of task and swing 
phase (F2,18 = 4.8, p < 0.05, ω2 = 0.45) and a significant 
main effect of task (F2,9 = 33.5, p < 0.05, ω2 = 0.92) on 
VUCM. Post hoc tests showed that VUCM was greater in the 
obstacle at terminal and mid swing phases than the uphill 
and flat walking tasks at all swing sub-phases (Fig. 3). There 
were no significant main effects of the leg, phase and inter-
action among them (p > 0.05). In addition, the main effect 
and interaction of all factors on VORT were non-significant 
(p > 0.05).

Correlation between motor synergy and step width 
variability

In the paretic leg, there was an inverse significant correla-
tion between step width variability and ΔVZ (r = − 0.68, 
R2 = 46%, p < 0.05), and there were positive significant 
correlation coefficients between step width variability and 
VUCM (r = 0.65, R2 = 42%, p < 0.05) and VORT (r = 0.63, 
R2 = 40%, p < 0.05). In other words, participants with more 
stable gait performance (less step width variability) were 
benefited more through increased ΔVZ that was achieved 
through larger reduction of VORT than VUCM. In the non-
paretic leg, there were significant correlation coefficients 
between step width variability and VUCM (r = 0.88, R2 = 
77%, p < 0.05), but not ΔVZ and VORT (p > 0.05).

Discussion

The aim of this study was to examine how kinematic syner-
gies are utilised as compensatory movements to stabilise foot 
positions under different walking task constraints in people 
with stroke. The results suggested that kinematic syner-
gies were stronger when participants had to adapt to a more Ta
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challenging task—obstacle crossing—which increased the 
requirement for high mediolateral precision in foot trajectory 
especially at mid-swing and terminal swing of both legs. 
Furthermore, the stronger synergies during obstacle walk-
ing were related to an increase in VUCM (good variability) 
rather than decrease in VORT (bad variability) at mid-swing 
and terminal swing phases.

Previous studies showed that the more challenging tasks 
resulted in a greater need to use kinematic synergies to sta-
bilise the foot placement in terminal swing. For example, 
in young participants, changing walking task constraints 
(unconstrained/narrow pathway/beam walking) has been 
shown to affect motor synergy, with synergy index increas-
ing from 0.58 to 0.67 and 0.77 as the task became more 

Fig. 2   The mean (± SD) synergy index in different tasks and different phases of swing and in paretic and non-paretic legs

Fig. 3   The mean (± SD) VUCM and VORT in paretic and non-paretic legs during different walking tasks and swing phases
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difficult (Rosenblatt et al. 2014). In a similar study, Rosenb-
latt et al. (2015) examined synergy index in double-belt and 
single-belt treadmill walking and showed that the single-
belt, due to narrow walking width, required greater synergy 
(0.91) than double-belt (0.75).

The increased motor synergy was necessary as a compen-
satory strategy during obstacle negotiation for several rea-
sons. First, hemiplegic stroke survivors usually use a “fron-
tal plane strategy” as a compensation for muscle weaknesses 
(Stanhope et al. 2014). This, in turn, could affect mediolat-
eral stability and subsequently the risk of falling. In other 
words, the reduced ability to stabilise the paretic swing leg 
(Dean and Kautz 2015) could result in a lateral movement if 
the centre of mass away from the stance foot. Both changes 
might demand stronger synergies in stroke survivors in order 
to adjust foot trajectory because motor synergies provide an 
effective system to react quickly against external and internal 
perturbations (Latash et al. 2007). Second, large joint angle 
variability is associated with an increased need for preci-
sion in mediolateral foot placement (Rosenblatt et al. 2014). 
The stronger synergies in the more challenging tasks could 
be related to specific biomechanical adaptations in people 
with stroke during obstacle negotiating tasks. For example, 
it was shown that, during obstacle crossing, stroke survivors 
demonstrated greater variation in centre of pressure place-
ment in a mediolateral direction (Novak and Deshpande 
2014), reduced crossing step velocity, shorter landing dis-
tance (Lowrey et al. 2007) and greater hip vertical elevation 
and hip abduction (MacLellan et al. 2015; Lu et al. 2010). 
In addition, the results showed evidence of less stable gait 
(increased variability in step width, stride time interval, step 
and stride length) in the obstacle condition for the stroke 
survivors regardless of their motor function (e.g. TUG and 
10MWT). This might be a possible reason to explain the 
need for stronger motor synergies, as an effective adaptation, 
to stabilise foot placement in the obstacle condition. The 
increased synergies are adaptations that stem from feedback 
from stance leg during swing (Rankin et al. 2014) or periph-
eral information from the swing leg itself. Synergy helps to 
ensure that the foot trajectory is controlled appropriately 
during swing (Rosenblatt et al. 2015).

Previous studies in older and young healthy adults 
(Krishnan et al. 2013) showed that synergy was stronger in 
mid-swing because of a need to avoid a collision in medi-
olateral direction or in response to increased precision before 
initial contact (Rosenblatt et al. 2014, 2015). Similarly, the 
current study showed stronger motor synergies to control 
foot mediolateral foot trajectory in people with stroke in 
both mid and terminal swing sub-phases than in early swing. 
It is likely that the greater need for kinematic synergies in 
people with hemiplegic stroke in paretic leg at mid-swing 
and terminal-swing is due to decreased hip flexion at initial 
and mid-swing phases and decreased knee extension and 

ankle dorsiflexion in terminal phase that is required for flu-
ent limbs movements (Moore et al. 1993).

The results of this study also showed that greater syn-
ergy indices were related to increases in VUCM rather 
than decreases in VORT (see Fig. 3) at mid-swing and ter-
minal swing. This finding supports previous studies that 
have shown the increased good variability in response to 
increased task difficulty (Rosenblatt et al. 2014, 2015) in 
able-bodied participants such as practice of a novel task 
(Yang and Scholz 2005), walking with a loaded backpack 
(Qu 2012), walking with a cognitive-secondary task (Zhang 
et al. 2008) and unexpected perturbations during walking 
(Mattos et al. 2011). The increased motor synergies through 
an increase in VUCM variability could represent how the CNS 
uses more compensatory movements to solve the redundant 
joints DoFs in challenging tasks and in some critical periods 
of the swing phase.

There was no difference in synergies between paretic and 
non-paretic swing legs; however, the current findings indi-
cate that the difference between legs depended on the swing 
sub-phase and the nature of task, suggesting that hemiple-
gic gait is not a unilateral functional weakness; in contrast, 
both legs act as synergy to accomplish the goals of walking 
in normal and challenging situations. One reason could be 
related to the dynamic nature of a gait cycle. In fact, gait—as 
a bilateral cyclic movement pattern—requires use of both 
legs at the same time for different roles. It seems that the 
inter-limb coupling of both legs through the whole gait cycle 
increases the kinematic synergy when the body requires pos-
tural control by the stance leg and body transporting by the 
swing leg (Winter 1987). Since the risk of falling is mainly 
determined by between-limb collision (Rosenblatt et al. 
2015), the need for stability (by the stance leg) and forward 
progression (by swing leg) are equally important. In addi-
tion, after stroke, 15% of motor neurones from the affected 
cortical hemisphere are sent to the ipsilateral side of the 
body and cause impairment in the unaffected side (Wong 
et al. 2004). This might explain why the strength of motor 
synergy was different in the swing phases of both the paretic 
and non-paretic legs under different task constraints.

The results of this study also showed an association 
between motor synergy index and step width variability at 
initial contact in paretic leg but not in non-paretic leg. In 
other words, a decrease in step width variability was associ-
ated with an increase in motor synergy index in the paretic 
but not in the non-paretic leg. These findings showed that 
the compensatory movement in the paretic leg is effective, 
to some extent, in reducing the risk of collision between 
legs and increasing foot stability before initial contact; 
however, stroke survivors were not able to control the step 
width variability in the non-paretic leg in swing. This find-
ing in the non-paretic leg was similar to older adults study 
(Krishnan et al. 2013). The findings of previous study in 
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stroke survivors (Kao and Srivastava 2018) also showed 
that higher synergies were accompanied with less step width 
variability and an increased margin of stability. Additionally, 
Rosenblatt et al. (2014) and Qu (2012) showed an associa-
tion between joint angle variability and step width variability 
at initial contact in young adults. Qu (2012) showed that the 
need for greater motor synergies was greater at initial con-
tact than toe-off in both sagittal and frontal planes. Whether 
synergy index could be a robust clinical indicator to quan-
tify gait stability still is not yet known, but the findings of 
the current and previous studies support the notion that the 
synergy index could play an important role in predicting gait 
stability in pathological gait patterns.

A possible reason for different findings in paretic and 
non-paretic legs could be the need for more active control 
in the paretic leg to compensate for a frontal plane strategy 
and sagittal plane weaknesses in hemiplegic gait (Dean and 
Kautz 2015; Stanhope et al. 2014). In fact, foot placement 
with the paretic leg at initial contact requires more syner-
gies among the elements, whereas in the non-paretic leg the 
foot placement is controlled by individual elements acting 
in isolation rather than synergy (Krishnan et al. 2013). It 
seems that the situations with highest risk of fall—like initial 
contact—require that hemiplegic patients make more com-
pensation through exploiting motor redundancy and chan-
nelling more variance into VUCM to stabilise foot placement 
(Rosenblatt et al. 2014). Generally, the relationship between 
synergy index and step width variability supports the notion 
that motor synergies play an important compensatory role to 
control medio-lateral foot position.

The increased VUCM and VORT in participants with greater 
step width variability are also interesting and indicate the 
different types of adaptation to stabilise mediolateral gait 
stability at initial contact. According to UCM theory (Latash 
et al. 2007), the stabilisation of a performance variable 
could be related to three possible scenarios in the variance 
of elemental variables: (1) VORT decreases relative to VUCM 
− VUCM could be constant, decreased or increased, leading 
to an increase in motor synergies (2) VUCM is reduced to 
the same extent as VORT, leading to no change in the motor 
synergies; (3) VUCM decreases relative to VORT, leading to 
a reduction in motor synergies. Our results showed that 
stronger motor synergies were associated with decreases in 
both VUCM and VORT (scenario 1). This was confirmed by the 
results of supplementary analysis which revealed a negative 
and significant relationship between ΔVz, VORT and VUCM 
in this study.

This study has implications for gait retraining in people 
with stroke. An effective strategy to control foot trajec-
tory during treadmill walking was channelling variability 

into VUCM. In other words, the stroke survivors were able 
to walk on the treadmill in more challenging conditions 
by exploiting considerable compensatory movements. It 
has been demonstrated that practice can have the effect of 
changing the magnitude of VUCM (Wu et al. 2012). Design-
ing gait re-training interventions that help stroke patients to 
explore joint variability through VUCM could provide a safe 
context for independent walking. It is suggested that pro-
moting increased VUCM—more elemental variability—and 
minimising the VORT—less performance variability—could 
be achieved by extensive task-related practices on the tread-
mill. The variations in gait training could be implemented in 
conditions such as stair climbing, which requires foot adap-
tations for both uphill walking and obstacle crossing (stair 
nosing) at the same time.

We acknowledge some limitations to this study. This 
study only used the UCM method for one performance 
variable—medio-lateral foot trajectory—during gait. It is 
possible to configure the elemental variables in multiple 
planes of motion for postural stability and whole body 
transport. For example, gait stability during swing could 
be affected by toe clearance in different conditions that 
could cause tripping and risks of fall. Future studies could 
examine a more complex model of UCM for other func-
tions of gait in stroke survivors. Further, patients in this 
study did not practice the treadmill walking in different 
slopes and with an obstacle as a part of their rehabilita-
tion programme. As the treadmill walking task was new to 
patients, it provided sufficient challenge for exploring the 
DoFs, but future studies could be carried out in a natural 
context that is similar to activities of daily living.

Conclusion

In conclusion, the results of this study showed that negoti-
ating an obstacle during walking requires stroke survivors 
to control swing leg foot trajectory with stronger kinematic 
synergies than less challenging walking conditions. Stroke 
survivors adapted to this increased challenge by channel-
ling variability through VUCM, which was beneficial for 
frontal plane stability.
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Appendix: Details of the UCM method 
adapted from Krishnan et al (2013)

Creating a model for elemental variables

The UCM method that is used in this study has 10 elemental 
variables and 1 performance variable (mediolateral trajectory 
of swing foot). A geometric model was created to relate ele-
mental variables to the performance variable. This comprised 
a five-segment and 10 DoFs model (Fig. 1). The segments 
were stance leg, pelvis, swing-leg thigh and swing-leg shank 
with lengths L1, L2, L3, and L4 respectively. For the paretic 
swing leg in gait cycle, 5 DoFs are in the frontal plane, Ɵ1 = 
stance-leg shanknon-paretic, Ɵ2 = stance-leg thighnon-paretic, Ɵ3 = 
pelvis, Ɵ4 swing-leg thighparetic and Ɵ5 = swing-leg shankparetic, 
and 4 DoFs are out of the frontal plane; α1 = stance-leg 
shanknon-paretic, α2 = stance-leg thighnon-paretic, α3 = pelvis, α4 
= swing-leg thighparetic and s5 = swing-leg shankparetic. The 
same model is used when for the non-paretic swing leg.

Segmental configuration

An ankle joint trajectory (AJT) and functions of ten DoFs ( �
−
 ) 

from the segmental model was created by a custom-written 
code in Matlab 2018a (Mathworks, Natick, MA) according to 
the UCM procedure in Krishnan et al. (2013). Prior to UCM 
analysis, all segmental configuration and ankle joint trajectory 
(AJT) data were normalised for swing phases (0–100%):

Calculation of VUCM and VORT

As geometric models describing the position of an end effec-
tor are generally non-linear, uncontrolled manifolds are often 
curved. Therefore, the first step in calculating VUCM and VORT 
is to perform a linearization around a reference configuration. 
A linear approximation of the model can be obtained by calcu-
lating the Jacobian matrix with respect to a reference configu-
ration—the mean segment configuration across trials (Scholz 
and Schoner 1999). Deviations of segment vectors, for a par-
ticular trial, from the mean segment configuration can then 
be projected onto the null space ( � ) of this Jacobian matrix:
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where n is the number of degrees of freedom of the model, 
d is the number of dimensions of the performance variable, 
�
−

 is a vector of segment angles for a particular trial and �
−

0 
is a vector of segment angles in the reference configuration. 
For this work, n = 10 and d = 1. A component of the devia-
tion of �

−
 from �

−

0 that is perpendicular to the UCM can also 
be calculated as:

The variability per degree of freedom parallel ( VUCM ) and 
perpendicular ( VORT ) to the UCM was then calculated using:

and

where N is the number of stride. VUCM does not affect the 
variance in the mediolateral foot trajectory (Good variabil-
ity), whereas VORT causes the variance in the foot trajectory 
(Bad variability).

Motor synergy index

If VUCM > VORT, then lower limb synergy stabilise the foot 
trajectory in a gait cycle. A synergy index was calculated as:

where

n = number of DoFs; d = number of performance variable.
The more positive ΔV, the stronger the motor syn-

ergy among segments. If VORT = 0, then ΔV = 10/9 and 
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all variance lie within the UCM. If all variance lies in the 
orthogonal sub-space (VUCM = 0), ΔV = − 10. For con-
sistency among studies, ΔV was transformed to Fisher’s 
z-transformation index:
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