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From the literature of biomechanics, it is now clear that humans use elevating, lowering and delayed-
lowering strategies in order to maintain stability during perturbed walking. The main purpose of this
study is to provide insights into the role of manipulability in selection of these strategies. A 37 degrees
of freedom (DoFs) model of the human body is developed to evaluate the manipulability indices during
walking. The model is considered as a tree-like structure and its forward kinematics equations and the
Jacobian are derived based on the Denavit-Hartenberg (DH) convention. A hybrid genetic algorithm
(HGA) is then employed to map the experimental kinematics of a human to the model. The kinematic
and dynamic manipulability indices of the swing phase of walking are evaluated concentrating on early,
mid and late swing phases. The results indicate that the manipulability indices can characterize well the
selection of elevating, lowering and delayed-lowering strategies at different stages of the swing phase.
The results kinematically describe the reason of selecting delayed-lowering strategy at mid-swing phase
that was not obvious in previous studies. Moreover, the results show that at mid-swing phase of walking
the kinematic maneuverability is lower than that of the early and late swing phases.

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

In the field of biomechanics and humanoid robotics, researchers
have previously explored many measures (e.g. jerk, metabolic
energy, stability and etc.) to find out the formation of human
movements during walking (Xiang et al., 2010). However, the eval-
uation of manipulability indices during walking has not been
extensively studied. In the case of serial manipulators, the manip-
ulability is a quantitative measure showing the capacity to change
the end effector’s position and velocity (Spong et al., 2006). In the
other words, the manipulability is the measure of dexterity. When
the manipulator is in a singular configuration, the manipulability
approaches to zero. The concept of kinematic Manipulability for
robotic manipulators was first introduced and discussed in
(Yoshikawa, 1985b). A dynamic manipulability measure for robot
arms, which takes the dynamics into consideration, has also been
introduced in (Yoshikawa, 1985a).

Human body has a tree-like structure consisting of a number of
serial branches such as legs, arms, and head, all connected to the
same trunk. The end of each of these branches can be considered
as the end effector of a serial manipulator. Given a particular pos-
ture of the trunk, manipulability allows to assess the set of veloc-
ities that can be achieved by the tip of the swing leg. The
manipulability measures how easy or difficult it is for a human
to move his/her swing limb in a given direction. It is a velocity-
based measure that can determine potential foot placement
possibilities and consequently influence the stability and maneu-
verability of walking (Pratt and Tedrake, 2006). Foot placement is
one of the most important factors for biped stability (Castano
et al., 2016). It is important to understand how the central nervous
system (CNS) coordinates the redundant DOFs of the body and
selects particular strategies or foot positions during walking.

To the best of current author knowledge, the evaluation of
manipulability index during normal and perturbed walking has
never been the subject of a study on human. A vast body of previ-
ous studies has focused on the manipulability and coordination of
the upper DOFs for hand movements and grasping tasks. For exam-
ple, Jacquier-Bret et al. (2013) analyzed the coordination of upper-
limb joints using manipulability indices (Jacquier-Bret et al., 2013).
Endo (2015) has evaluated manipulability during smartphone
thumb-based touch operations and concluded that this index is a
useful measure for quantitatively evaluation of human hand oper-
ations (Endo, 2015). Vahrenkamp et al. (2012) used an extended
manipulability measure to investigate grasping selection of a
humanoid robot (Vahrenkamp et al., 2012). The measure is based
on the consideration of joint and workspace limitations.
Kobayashi et al. (2013) have proposed the dynamic reconfiguration
manipulability (DRM) index for humanoid robots (Kobayashi et al.,
2013). Given a prior end-effector task, DRM indicates a shape-
changeability of each intermediate link (Minami et al., 2010).
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Kobayashi et al. (2013) implemented DRM index for lifting task
and for walking shape of crouching down and stretching huma-
noid’s leg (Kobayashi et al., 2013). Their simulation model had 18
degrees of freedom and they did not use experimental data for con-
firmation of results. Jacquier-Bret et al. (2012) have evaluated
upper limb movements during a reach to grasp movement using
manipulability index (Jacquier-Bret et al., 2012). They have con-
cluded that the volume of manipulability ellipsoid reflects well
the ability of upper extremity to generate speed at the wrist.

Due to the redundancy of human body, there are many strate-
gies that humans can adopt to maintain stability during walking
or after a perturbation. From the experimental studies on human
walking, it is now clear that humans adopt three main strategies
to prevent falling (Eng et al., 1994; Eng et al., 1997):

� Elevating strategy which consists of elevation of the swing leg.
In this strategy, the step is lengthened.

� Lowering strategy consists of bringing the foot to the ground as
quickly as possible. The step lengths and time are reduced,

� Delayed-lowering strategy could be understood as a failed ele-
vating strategy in which the subject first tries an elevating strat-
egy and then switches to a lowering one.

Elevating and lowering strategies are adopted in response to
early and late swing perturbations, respectively (Eng et al., 1994;
Potocanac et al., 2014; Wang et al., 2012). Aroundmid-swing phase
of walking, the strategy selection is not mechanically obvious
(Potocanac et al., 2016; Roos et al., 2009).

The main purpose of current study is to characterize strategy
selection during walking, using the manipulability index.
Fig. 1. (a) Model of the current study (
2. Material and methods

2.1. Multibody modeling and forward kinematics

The model of this study is depicted in Fig. 1a. The human body
is modeled using a series of rigid links connected by revolute joints.
With consideration of 6 global DOFs, the total DOFs of the model of
this study is 37. The model has a tree-like structure. Each of the
fourteen segments of the model can be considered as the base or
the root. In the current study, the stance foot is chosen as the root.
Considering right foot as the support, there are three branches for
the model: the left leg, the right arm and the left arm (Fig. 1b). It is
obvious that in this tree-structured kinematic chain, some joints do
not influence the motion of some chains.

The tree-structured model of the current study consists of three
serial sub-structures. Fig. 2 shows the topology of the model.

For each of the serial sub-structures, the serial segment conven-
tions are used without change. The DH notation (Denavit and
Hartenberg, 1955) is used for geometric description of the human
model. Based on (Spong et al., 2006), the transformation matrix is
equal to

j�1T j ¼

cos qj �sin qjcos aj

sin qj cos aj cos qj

sin qjsin aj ajcos qj

�cos qjsin aj ajsin qj

0 sin aj

0 0
cos aj dj

0 1

2
6664

3
7775 ð1Þ

where the four quantities qj, aj, dj and aj are parameters associated
with link j and joint j (j = 1, 2, . . . m = number of DoFs). aj is the
angle between zj�1 and zj measured about xj (see Fig. 1a). aj and
b) root and branches of the model.



Fig. 2. Topology of the model.

B. Miripour Fard / Journal of Biomechanics 83 (2019) 157–164 159
dj are the constant anthropometric parameters that are obtained
using the distances between the real markers on the human subject.
The geometric model of the human will be obtained by the succes-
sive multiplication of the transformation matrices.

0Tm¼0T0
1T2:::

m�1Tm ð2Þ
2.2. Jacobian matrix

The Jacobean matrix is only calculated for the swing phase of
walking. The model has three serial sub-structures with three
end-effectors. So, the body velocity in the right hand of the Eq.
(3) is a 6N � 1 vector (N = 3), and the Jacobian matrix is a
6N � 31 matrix

n1
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n3

0
@

1
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0
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..
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CCA ð3Þ

Formally, the above relationship can be expressed as

n ¼ J _q ð4Þ
It should be noted that the Jacobian matrix has many zero ele-

ments on the places where some joints do not influence the motion
of some end-effectors.

2.3. Manipulability measures

From the kinematics aspect, for a given configuration of a
manipulator, ellipsoid of manipulability is drawn considering unit
norm joint velocities as the input. Two following indices are usu-
ally derived from the kinematic manipulability ellipsoid:

(a) The first index which is proportional to the volume of the
ellipsoid is defined as

w1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detðJJT

q
Þ ¼ s1s2 � � � sm ð5Þ

where si is the singular value of the Jacobian (J) and det is the deter-
minant of the ðJJTÞ. m is the number of DoFs. This index represents
the global end-effector capacity for velocity generation. For a 6 DOF
manipulator, when the Jacobian loses rank, w1 equals zero meaning
that the manipulator is in a singular configuration. For a redundant
manipulator, when the Jacobian loses rank, the manipulability ellip-
soid loses dimensions to either an ellipse or a line. The higher values
of w1 imply that the manipulator is in the posture that gives it the
best ability to move.

(b) The second index is called condition number (Klein and
Blaho, 1987). The condition number is defined as

w2 ¼ sl
ss

ð6Þ

in which ss and sl are the smallest and largest singular values of the
Jacobian, respectively. This index represents the distribution of the
end-effector capacity of velocity generation along each direction of
the Cartesian task space. When w2 ¼ 1, the ellipsoid approaches a
spherical shape, indicates that the capability of tangential velocity
generation is similar in every direction (isotropic configuration).

The aforementioned manipulability indices are based on the
kinematics and the dynamics are ignored. Analysis of dynamic
manipulability has also been performed in the current work. A
dynamic manipulability measure has been defined which takes
into consideration the dynamics of motion. This measure specifies
the ability to perform end-effector accelerations in a given posture
with the joint torques constrained to belong to a unit sphere
(Yoshikawa, 1990). Assume that the dynamics of the model is pre-
sented by Eq. (7) as follows

M qð Þ€qþ C q; _qð Þ þ G qð Þ ¼ s ð7Þ

where q2 R31 is the vector of generalized joint angles (depicted in
Fig. 1a), M qð Þ 2 R31�31 is the mass-inertia matrix, C q; _qð Þ 2 R31 con-
tains the centrifugal and Coriolis forces terms, G qð Þ 2 R31 is the vec-
tor of gravitational forces, s2 R31 is the vector of joint torques. The
dynamics equations of the model were derived using the Euler-
Lagrange formulation (Spong et al., 2006). Based on Yoshikawa
(1990), the Jacobian matrix and the mass-inertia matrix are used
to obtain the dynamic manipulability measure as follows

wd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detðJðMTMÞ�1

JT
q

Þ ð8Þ
The detailed mass/inertia parameters as a fraction of total

height and weight were obtained according to anthropometric
tables (Winter, 2009).

2.4. Kinematic mapping

In this section, mapping of human kinematics on the model of
Fig. 1a is presented. This is accomplished using an inverse kine-
matic method. In this method, the positions of the real markers
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on the human body are given and the joint angles of the model
should be obtained (Huang et al., 2010). To find the best match
between the model and experimental kinematics, an optimization
problem is solved in each time step of motion. First, virtual mark-
ers are placed on the model that correspond to the position of the
physical markers on the human subject. Then, the distances
between the virtual and the corresponding experimental marker
positions are minimized. The cost function is expressed as
Table 1
Value of the weights (wi) used in the optimization cost.

Marker name Weight Marker name

Right toe 1 Right ankle
Left toe 1 Left ankle
Right hip 10 Right wrist
Left hip 10 Left wrist
Right elbow 20 Right hand
Left elbow 20 Left hand

Fig. 3. Comparison of the four selected snapshots
Cost ¼ min
q

Xn
i¼1

wik xexpi � xvi ðqÞ2 k ð9Þ

in which q is a vector composed of joint angles, xexpi is the position
of experimental marker i, xvi ðqÞ is the position of the corresponding
virtual marker i. n is the number of markers. wi is the weight asso-
ciated with marker i. Value of the weight of each marker specifies
the importance of that marker’s error term in the optimization
Weight Marker name Weight

10 Right knee 10
10 Left knee 10
5 Right shoulder 10
5 Left shoulder 10
30 pelvis 10
30

of walking between model and experiment.
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problem. The joint angles (q) are the design variables of the opti-
mization in each frame of motion. The cost function is subject to
the constraints on physiological limitation of joint angles. The lower
and upper bounds on the design variables (in radians) are consid-
ered as follows, respectively:

lb = [�60, 60, 0, 0, �30, 40, 160, �30, 70, �70, �130, �120, �10,
90, �50, �110, �30, 120, 60, �120, �90, �200, 0, 150, �110, 50,
�90, 150, 50, 150] * p/180;
ub = [60, 150, 10, 60, 90, 120, 210, 30, 120, 20, 30,�60, 120, 180,
50, �70, 30, �30, 120, �60, 0, �160, 10, 0, �70, 180, 60, 210,
130, 210] * p/180;

In each frame of motion, the above mentioned optimization
problem is solved using a commercial software package (MATLAB
release 2014a, The MathWorks, Inc., Natick, MA, USA) and the out-
put which is a vector of joint angles (q) is saved for future uses. In
the current work, a hybrid genetic algorithm (HGA) which combi-
nes both deterministic and stochastic routines (Gen et al., 2017)
was used to solve the problem.
Fig. 4. (a) The cost of optimization problem. Unit of the parameters of the cost
function is the meter. (b) Similarity value of mapping experimental data to the
simulation model.

Fig. 5. (a) The mean of the kinematic manipulability and condition number of the tip
projection of the kinematic manipulability ellipsoid with the positive directions of the
swing phase, see Fig. 6b), hf stands for frontal plane angle (rotates CCW, see Fig. 6c) an
To evaluate the similarity between the results of solving the
optimization problem and kinematics of human subject, a function
from the work of Zhao et al. (2004) is used in the current work.
Given the step time k, similarity function is expressed as

Sk ¼ 1

1þPn
i¼1

omi�osi
omax
mi

�omin
mi

� �2 ð10Þ

where omi denotes the position of the marker i of the model (virtual
marker) with respect to the reference coordinate system. The values
of omi is calculated by inserting the optimal values of the joint
angles in the forward kinematic equations using MATLAB. osi repre-
sents the corresponding position of the marker i on the human sub-
ject (real marker) with respect to the same reference coordinate
system. omax

mi and omin
mi are the upper and lower bounds of the range

of motion of the marker i-th, respectively. n is the number of mark-
ers. It should be noted that Sk is always 0 < Sk 6 1. If Sk ¼ 1 the sim-
ilarity would be maximal.

The experimental motion capture data used in this study were
obtained from the work (Bruijn et al., 2010). In the above men-
tioned work, eleven young healthy male persons (age
27.7 ± 3.3 years, mass 75.5 ± 9.0 kg, height 1.80 ± 0.06 m;
means ± s.d.) walked on the treadmill and the kinematic data of
reflective markers were sampled at 50 Hz. All the persons signed
an informed consent form before starting trials. The protocol has
been approved by the ethical committee of the Faculty of Human
Movement Sciences of VU University, Amsterdam. 3D optoelec-
tronic system (Optotrak� Northern Digital Inc., Waterloo, ON,
Canada) has been used for kinematic data collection of reflective
markers. In the current work, the data of the eleven subjects are
used. The subjects walked at speed 1.68 ms�1 for 5 min (one trial
per person) without perturbation (steady-state walking).

3. Results and discussion

First, the results of similarity are presented. Value of the
weights of the markers (wi) in Eq. (9) is presented in Table 1.
Fig. 3 presents the snapshots of four selected frames of motion.
As can be seen, there are good accordance between the kinematics
of human and corresponding model.

For quantitative evaluation, the similarity value (Eq. (10)) and
the cost of optimization problem (Eq. (9)) are depicted in Fig. 4.
of the swing foot for eleven subjects (b) angles formed by the major axis of the
reference coordinate system. hs stands for sagittal plane angle (rotates CW during
d hh stands for horizontal plane angle (rotates CCW, see Fig. 6d).
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The results of similarity evaluation are relatively fair. These results
are reasonable because the model is redundant and a global opti-
mization algorithm (HGA) was used to solve the problem.

Fig. 5a shows the evolution of the mean of the manipulability
index and condition number of the tipping point of the swing foot
during walking. It is seen that during the mid-swing phase of walk-
ing the kinematic manipulability is lower than that of the early and
late swing phases, contrary to what happens with condition
number. The results indicate a greater range of possible motions
at the early and late swing phases of walking. Variation of the angle
of the major axis of the projection of the manipulability ellipsoid
onto the sagittal, frontal and horizontal planes have been depicted
in Fig. 5b. For qualitative presentation of the results of Fig. 5, the 3D
ellipsoids of manipulability are presented in Fig. 6a. In addition,
Fig. 6b–d show the sagittal, frontal and horizontal projection
of the manipulability ellipsoid during swing phase of walking,
respectively.

It should be mentioned that the shape and the orientation of the
manipulability ellipsoid are affected by the human posture. This
helps to establish a standard metric such that a variety of postures
can be compared. Given a posture of the human and based on the
Fig. 6. Scaled down manipulability ellipsoids at early, mid and late-swing phase of walkin
the swing phase.
definition of the manipulability ellipsoid, the swing foot has better
capacity of motion in the direction of the major axis. The direction
of the minor axis represents the direction with worse capacity of
developing speed. Regulating the velocity of the swing limbs is
the most challenging subtask for human or human-like bipedal
walking (e.g. (Pratt and Tedrake, 2006)). Shape of the manipulabil-
ity ellipsoids can predict the opportunity for the human to place its
swing leg in such a way that it can continue walking without fall-
ing down. As a result, it can affect the selection of strategy to regain
stability after being perturbed during walking. From Figs. 5 and 6,
the ability to generate velocities in different directions is seen. Dur-
ing the early swing phase, the ability to generate velocity in +x, +z
and �y directions are higher than that of the mid and late swing
phases. Contrary to this, during the late swing phase, the capacity
for velocity generation in +x, �z and +y is high.

The manipulability analysis of current study justifies the selec-
tion of human-observed strategies. The comparison of the manip-
ulability ellipsoids in Fig. 6 shows that the capacity of velocity
generation in +x and +z directions (+x is the direction of walking)
during the early-swing phase is more than that of mid-swing and
late-swing phases (Fig. 6b). So, the selection of elevating strategy
g. (a) 3D view (b) sagittal view (c) frontal view (d) horizontal view. The left foot is in



Fig. 7. The mean of the dynamic manipulability measure during swing phase (b) angles formed by the major axis of the projection of the dynamic manipulability ellipsoid
with the positive directions of the reference coordinate system. hds stands for sagittal plane angle (rotates CW during swing phase), hdf stands for frontal plane angle and hdh

stands for horizontal plane angle (rotates CCW).
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at early-swing phase is feasible. Also, the capacity of velocity gen-
eration in -z direction at the late swing phase is more than that of
the early swing phase. Consequently, the selection of lowering
strategy at the late-swing phase is more feasible. At mid-swing
phase, regarding the shape of manipulability ellipsoid, the subject
first tries an elevating strategy (similar to that of early swing
phase), but, when goes ahead, the shape of manipulability changes
in a way that induces adaptation of the lowering strategy. So, the
so-called delayed-lowering strategy is observed. It should be noted
that in the Fig. 6 the center of the ellipsoid for early-swing phase
(which is the position of the tip of the swing foot) is located in
the back of the center of the mid-swing and late-swing ellipsoids.

The evolution of the mean of the dynamic manipulability index
of the swing foot during walking has been illustrated in Fig. 7a.
Variation of the angle of the major axis of the projection of the
dynamic manipulability ellipsoid in the sagittal, frontal and hori-
zontal planes have been depicted in Fig. 7b. At the mid swing phase
there are sharp changes in the direction of the dynamic manipula-
bility ellipses. As can be seen from the Fig. 7, the dynamic manip-
ulability measure significantly increases during the late swing
phase. This may be judged to be a rather good situation for the
human during the late swing phase. It implies that there is a wide
range of realizable acceleration for the swing foot under certain
constraint on the magnitude of the joint driving torques.

Considering both of the kinematic and dynamic measures, the
manipulability of the late swing phase is in the better condition
comparing with that of the early and mid-swing phases. The direc-
tion of dynamic manipulability ellipses (especially in the sagittal
and horizontal plane) also justifies the human observed strategies
as discussed earlier in the case of kinematic manipulability.

To summarize, the results of kinematic and dynamic manipula-
bility evaluation indicate that the mid swing phase is the turning
point of the almost all the manipulability curves. This justifies
and characterizes the change in the strategy selection before and
after the mid swing phase of walking.
4. Conclusions

In this paper, an evaluation of the manipulability of swing phase
of walking was presented. The results showed that the manipula-
bility indices can characterize the selection of elevating, lowering
and delayed-lowering strategies during different stages of swing
phase. The results also represent that the kinematic manipulability
at mid-swing phase is less than that of the early and the late
swing phases. So, the ability to generate velocity in all directions
at mid-swing phase is limited. Therefore, this phase of walking
needs more attention in disturbance rejection. The shape of
manipulability ellipsoid at mid-swing phase of walking describes
the reason for selecting the delayed-lowering strategy. This was
not mechanically obvious in previous studies (Potocanac et al.,
2016; Roos et al., 2009). The turning point of the manipulability
happens at the mid swing phase and this can be the starting point
of the strategy changes. Computing and monitoring the manipula-
bility indices of humans/humanoid robots can be useful for several
purposes, e.g. it can be used for monitoring the current state of the
humans/robots to support decision processes such as strategy
selection after a perturbation. These indices also can be useful if
considered as a criterion in path and step planning of human assis-
tive devices or humanoids to create robots having human levels of
competence in acting.
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