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This study was aimed at investigating the intersegmental coordination of six older adults while managing
unexpected slippages delivered during steady walking, and wearing an Active Pelvis Orthosis (APO). The
APO was setup either to assist volunteers at the hip levels during balance loss or to be transparent. The
Planar Covariation Law (PCL) of the lower limb elevation angles was the main tool used to assess the
intersegmental coordination of both limbs (i.e., the perturbed and unperturbed ones). Results revealed
that, after the onset of the perturbation, elevation angles of both limbs do not covary, a part from the
robot-mediated assistance. These new evidences suggest that external sensory-motor cues can alter
the temporal synchronization of elevation angles, thus violating the PCL.
� 2019 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Planar Covariation Law (PCL) has been widely used to
describe the relationship among lower limb segments during
locomotion-related motor tasks (Borghese et al., 1996; Ivanenko
et al., 2008; Lacquaniti et al., 2002). Specifically, according to the
PCL, elevation angles of lower limb segments covary despite leg
joint angles are significantly altered by the motor tasks being
achieved (Ivanenko et al., 2007).

Recent findings further extended this notion, revealing that the
PCL can be considered a control strategy shared across volitional
and likely involuntary motor behaviors, and seems to reflect the
relationship between intersegmental coordination and control of
the dynamic balance in humans (Aprigliano et al., 2017, 2016;
Funato et al., 2015).

However, the origin of the PCL is still an open question. Some
authors suggested that the PCL mainly reflects a biomechanical
constraint, that is, a strong coupling of lower limb segments prob-
ably mediated by bi-articular muscle groups (Hicheur, 2006).
Others, by using different approaches, corroborated the hypothesis
that the control of intersegmental coordination is likely to be func-
tional and is expected to have neural origin (Barliya et al., 2009;
Funato et al., 2015; Ivanenko et al., 2008).

In this study we investigated the PCL of lower limb segments
while elderly subjects were managing unexpected slippages
assisted by an Active Pelvis Orthosis (APO) in order to add further
insights concerning the physiological meaning of the PCL.
2. Methods

2.1. Experimental setup and protocol

A subset of data used in this study was collected for an indepen-
dent work (Monaco et al., 2017). Six healthy elders (six males,
68.1 ± 4.8 years old, 77.1 ± 7.8 kg, 1.75 ± 0.7 m) were enrolled after
providing informed consent. Research procedures complied with
the Declaration of Helsinki and were approved by the Institutional
Ethics Committee (Don Gnocchi Foundation, Florence, Italy).

Participants were asked to manage unexpected slippages
delivered while steadily walking at their preferred speed
(0.91 ± 0.14 m/s). Perturbations were provided by a custom made
split-belts treadmill ((Bassi Luciani et al., 2012), Fig. 1A) and con-
sisted of a sudden forward movement of the right belt triggered
by the heel strike of the right foot (belts velocity profiles are shown
in Fig. 1C). Subjects donned a safety harness for safety issues.

Participants also wore a powered wearable robot, i.e. APO,
designed to assist hip flexion-extension (Fig. 1A). The APO can
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Fig. 1. Experimental setup, speed profiles, and torques supplied by the Active Pelvis Orthosis (APO). (A) The mechatronic platform delivers unexpected slippage while the
subject is wearing the APO and steadily walking on the treadmill. (B) Representative APO torque profiles applied to the perturbed and unperturbed limb (PL and UL).(C)
Representative belts velocity profiles for the PL and UL. In panels B and C, 0 represents the onset of the perturbation.

Fig. 2. Time windows across the perturbation onset (HSR* ). Stick diagram consid-
ering the unperturbed and compensatory strides; dark and light grey lines refer to
PL and UL, respectively. Heel strike and toe off are shown for the right (HSR and TOR)
and left foot (HSL and TOL), before and after the perturbation onset. Phases of the
gait cycle during unperturbed and compensatory strides are reported in magenta
and green lines, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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actively assist hip flexion-extension, and is endowed with two free
rotational degree of freedom for hip abduction-adduction. More
details can be found elsewhere (Giovacchini et al., 2015).

The working-modality of the APO can switch between: (i) Z-
mode (zero-torque mode), designed to be compliant to the user’s
intention (Martelli et al., 2014); (ii) A-mode (assistive mode), that
is always transparent until balance loss is detected by a detection
algorithm running in the APO control unit (Tropea et al., 2015). In
this latter case, the robot supplies assistive torques at both hip
joints aimed at simultaneously extending the perturbed limb (PL)
and flexing the unperturbed one (UL; Fig. 1B).

The protocol consisted of two repetitions for each of the robot
working-modalities (i.e., A- and Z- modes), and three additional
trials where no perturbation was delivered. All trials were ran-
domly arranged to reduce the effect of the adaptation.

With respect to the purpose of this study, we retained the 3D
trajectory of a subset of the whole marker set considering those
located on the lower limbs. Kinematics records, belts movements
and the APO were synchronized by means of a logic pulse gener-
ated by split-belt treadmill during the delivery of the
perturbations.
2.2. Data analyses

Raw data were firstly pre-process to remove effects of noise.
Touch down and lift off were identified by visual inspection of feet
kinematics.

Data were subdivided in two time-windows (Fig. 2): (i) unper-
turbed stride, starting with the right heel strike before the pertur-
bation onset and ending at the heel strike triggering the
perturbation; (ii) compensatory stride, starting simultaneously
with the end of the previous stride and ending with the following
ipsilateral heel strike. The duration of both unperturbed and com-
pensatory strides were calculated.

The elevation angles of thigh, shank and foot were estimated for
both limbs under the hypothesis of planar movement (Ivanenko
et al., 2007), and for both strides across the perturbation onset.
The range of motion for all elevation angles (RoMT, RoMS, RoMF)
was computed as the difference between the maximum and the
minimum values during unperturbed and compensatory strides.

The principal component analysis (PCA) was performed on
standardized (zero mean and unit variance) elevation angles
(Aprigliano et al., 2017, 2016) to investigate the PCL during unper-
turbed and compensatory strides and while the APO was working
in Z- and A-mode. We assumed that elevation angles would lie on a
plane if the cumulative explained variance (CEV%), accounted for
by the first two principal components, was >99% (Borghese et al.,
1996; Courtine, 2004). The misalignment between covariation
planes pertaining to unperturbed and compensatory strides was
estimated by means of the dot product between their related
orthogonal vectors (i.e., third eigenvectors of the related covari-
ance matrices), named dotW3. Two covariation planes were consid-
ered coinciding if dotW3 was higher than 0.99 (Aprigliano et al.,
2016).

2.3. Statistical analysis

Outcome variables (strides duration, RoM, CEV% and dotw3)
were used as dependent measures.



Table 1
Range of motion of thigh, shank and foot elevation angles (RoMT, RoMS and RoMF,
respectively) are reported for both limbs (PL and UL), before (PRE) and after the
perturbation onset, while the APO was working in A- and Z-modes (mean ± 1
standard deviation).

Variable Limb PRE POST

A-mode Z-mode

RoMT PL 35.9 ± 7.2 32.3 ± 5.0 36.1 ± 7.8
UL 32.2 ± 4.4 32.3 ± 3.9 32.1 ± 3.9

RoMS PL 58.5 ± 7.4 33.9 ± 12.2 32.2 ± 9.6
UL 58.1 ± 7.8 43.7 ± 8.0 44.2 ± 9.0

RoMF PL 66.3 ± 10.3 31.0 ± 7.3 31.6 ± 11.1
UL 63.8 ± 11.9 51.1 ± 9.2 55.8 ± 13.4

Table 2
2-way ANOVA performed on RoMT, RoMS and RoMF related to dataPOST. Main effect of
the exoskeleton working-modalities (i.e., A- and Z-mode; pexos) and the limb (i.e., PL
and UL; plimb), and their interaction (pexos*limb) were reported while the subjects were
managing AP slippages.

Variable pexos plimb pexos*limb

RoMT 0.056 0.115 0.112
RoMS 0.588 <0.0001 0.601
RoMF 0.140 <0.0001 0.391

Data reported in bold are statistically significant (p < 0.05).
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A t-test for paired samples was used to investigate whether the
strides duration was affected by the perturbation (PRE and POST).
The same test was performed on dataPOST, to investigate the effect
of the exoskeleton working-modalities (A- and Z-modes) on the
stride duration.

A 2-way repeated measures ANOVA was performed on RoM,
CEV% and dotw3: (i) on both the unperturbed and compensatory
strides to determine the main and simple interaction effects of per-
turbation (two levels: PRE and POST) and the observed limb (two
levels: UL and PL); and (ii) on data recorded after the perturbation
onset (dataPOST), to determine the main and simple interaction
Fig. 3. Planar covariation law of elevation angles at thigh, shank and foot (3D-position s
the onset of the perturbation, respectively. Results are reported for both PL (A) and UL
references to colour in this figure legend, the reader is referred to the web version of th
effects of the observed limb (two levels: UL and PL) and the
exoskeleton working-modality (two levels: A- and Z-mode). The
one-sample t-test was used to verify whether the CEV% and the
dotW3 were lower than the adopted thresholds (i.e., 99% and
0.99, respectively). Statistical significance was set at p < 0.05.

3. Results

3.1. Temporal and kinematic parameters

The compensatory stride duration was significantly (p < 0.001)
shortened (0.79 ± 0.19 s) than that referring to steady locomotion
(1.02 ± 0.14 s). After the perturbation, no difference about the
stride duration was observed between the exoskeleton-working
modalities (p > 0.05).

The RoM of the elevation angles are reported in Table 1.
The 2-way ANOVA performed on RoM recorded before and after

the perturbation onset showed a significant effect of the observed
limb (all p-values < 0.003), revealing a different behaviour between
PL and UL (Table 1). Concerning only the proximal segments (RoMS

and RoMF), it was noticed: a main effect of the perturbation
(p < 0.0001; Table 1), involving lower values during the compen-
satory stride than during the unperturbed one (Table 2); a signifi-
cant interaction between perturbation and limb factors (p < 0.001;
Table 1).

Considering dataPOST, the analyses highlighted a significant
effect of the limb for RoMS and RoMF (p > 0.0001; Table 2), reveal-
ing lower values for PL than for UL (Table 1). No differences were
observed between exoskeleton working-modalities.

3.2. Inter-segmental coordination

The lower limbs inter-segmental coordination was examined by
plotting the elevation angles one vs. the others in a 3D-position
space graph (Fig. 3), during the strides before and after the pertur-
bation onset while the APO was working in Z- and A-modes.
pace graph). Magenta and green lines showed trajectories obtained before and after
(B). Trials performed by each subject are superimposed. (For interpretation of the
is article.)



Table 3
CEV% and dotw3 are reported, for both limbs (PL and UL), before (PRE) and after the
perturbation onset, while the APO was working in A- and Z-modes (mean ± 1
standard deviation). Values that are significantly lower than adopted thresholds are
in bold.

Variable Limb PRE POST

A-mode Z-mode

CEV% PL 99.5 ± 0.01 98.1 ± 1.0 98.1 ± 1.3
UL 99.5 ± 0.2 98.8 ± 0.7 98.6 ± 0.6

dotW3 PL – 0.95 ± 0.03 0.96 ± 0.03
UL – 0.99 ± 0.01 0.99 ± 0.01

Table 4
2-way ANOVA performed on CEV% and dotw3 related to dataPOST. Main effect of the
exoskeleton working-modalities (i.e., A- and Z-mode; pexos) and the limb (i.e., PL and
UL; plimb), and their interaction (pexos*limb) were reported while the subjects were
managing AP slippages.

Variable pexos plimb pexos*limb

CEV% 0.892 0.039 0.530
dotW3 0.559 <0.0001 0.629

Data reported in bold are statistically significant (p < 0.05).
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The 2-way ANOVA, performed on data recorded before and after
the perturbation onset, showed a significant effect of the perturba-
tion (p < 0.0001), revealing that the CEV% extracted during the
compensatory stride was significantly lower than those extracted
during the unperturbed one (Table 3). In addition, a significant
interaction was observed between the perturbation and the limb
factors (p = 0.027); no main effect was reported for the limb factor
(p = 0.073; Table 3).

Results of the 2-way ANOVA on dataPOST are reported in Table 4.
Analysis of the CEV% showed a significant main effect of the limb,
revealing lower values for PL than for UL (Table 3). Noticeably, the
CEV%, referred to both limbs, was significantly lower than the
adopted threshold (PL: p < 0.0001, UL: p = 0.013; Table 3). Accord-
ingly, during the compensatory stride the PCL was violated for both
UL and PL (Fig. 3). Moreover, the CEV% was not affected by the
robot working-modalities (A-mode vs Z-mode; Fig. 3, Tables 3
and 4).

Analysis on the orientation of the covariation planes (PRE vs. A-
mode; PRE vs. Z-mode), revealed that the dotW3 was affected only
by the limb factor (Table 4); specifically, it was significantly lower
than the adopted threshold (0.99), for the PL (p < 0.0001); and
equal to the threshold, for the UL (p > 0.05). Accordingly, planes
before and after the perturbations could be considered as congru-
ent only for the UL. No effect of the robot-working modalities was
observed (Table 4).

4. Discussion

This study was aimed at investigating the PCL when elders were
actively assisted by an APO while managing unexpected slippages.
As expected, perturbations reduced stride duration and RoMs of
proximal segments (Table 1). In addition, RoMs after the slippage
did not change due to the APO working-modes whereas a different
behavior between UL and PL was noticed (Tables 1 and 2).

During the compensatory stride, the PCL is violated for the PL
(Fig. 3A), apart from the APO working-modalities. This outcome
was actually expected and likely reflects the fact that the belt con-
strains the foot to cover a certain displacement while subjects pre-
vent knee hyperextension (Aprigliano et al., 2017, 2016).

Our analysis also revealed that the PCL of the UL was violated,
as well, when the APO was working in both Z-mode (transparent)
and A-mode (assistive), that is, elevation angles of the UL did not
covary (Fig. 3B), apart from the assistance of the APO. It is worth
noting that the A-mode significantly modifies the reactive behavior
of lower limb toward a better balance recovery after a slippage
(Monaco et al., 2017). These results suggest that even if the APO
is expected to only affect the proximal limb segment (parasitic tor-
que in Z-mode and assistive torque in A-mode; see also (Martelli
et al., 2014; Monaco et al., 2017)), it indeed alters the whole
intra-limb coordination. In this respect, the contribution of the
APO at the hip joint represents a sensory-motor cue that represses
the PCL at the UL.

In our opinion, this last result provides further support against
the hypothesis raised up by Hicheur and colleagues (Hicheur,
2006), at least with respect to the experimental paradigm adopted
in this study. As matter of the facts, these authors hypothesized
that the planar covariation of elevation angles arises from a strong
coupling between shank and foot segments, with thigh angle inde-
pendently contributing to the pattern of intersegmental covaria-
tion. According to this hypothesis, we would have expected that
elevation angles of the UL covaried since the APO only acts on
the most proximal limb segment (i.e., elevation angles of shank
and foot were supposed not to be influenced by the APO). This
was not the case, that is, even if the APO only acts on the thighs,
the neuromuscular strategy underlying the control of the UL dur-
ing a compensatory stride modifies the planar relationship of all
elevation angles.

According to these evidences, we can conclude that although
the intersegmental coordination law can be elicited by
locomotion-related tasks (Ivanenko et al., 2007; Lacquaniti et al.,
2002), as well as by perturbations (Aprigliano et al., 2017, 2016;
Funato et al., 2015), external sensory-motor cues can alter the tem-
poral synchronization of elevation angles, thus violating the PCL.
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