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Abstract Manipulability is a measure that quantifies the range of possible motions of a
robotic end-effector and it is also an important measure in the study of coordination of hu-
man upper body and grasping tasks. This measure, which is defined on both the kinematic
and dynamic level, could be useful in gait, as it could be used to determine potential foot
placement possibilities. Kinematic manipulability is defined based on the Jacobian and dy-
namic manipulability on both the Jacobian and mass-inertia matrix. The main purpose of
this study was to evaluate the manipulability of human walking and to explore a possible
relation between the manipulability and dynamic stability of walking at different speeds.
A 37-DoF tree-like model of the human body was developed to evaluate the manipulability
index of human walking. We measured kinematics of 11 healthy male subjects while walk-
ing on a treadmill, and mapped the data to the model using inverse kinematics. Jacobian
based kinematic/dynamic manipulability measures of walking were evaluated for the swing
phase of walking. Manipulability ellipsoids were drawn for geometric determination of this
measure in all directions during early, mid- and late swing phases. As stability metrics, the
local divergence exponent and Floquet Multipliers were calculated. The results indicated a
high kinematic manipulability of the swing foot during early and late swing phases and a
drop in kinematic manipulability during mid-swing. Kinematic manipulability of the swing
leg during early and late (but not mid-) swing phases increased with walking speed but the
average kinematic manipulability of the center of mass and dynamic manipulability of swing
foot decreased with increasing walking speed. Moreover, the results showed a weak relation
between the manipulability and local and orbital stability.
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1 Introduction

In the field of robotics, manipulability analysis is an effective tool for evaluation of the abil-
ity of a manipulator for performing velocities and accelerations at the end-effector in all
directions. When a manipulability measure reaches zero, the manipulator is in a singular
pose, and it cannot move in some directions. Manipulability is quantified using the Jacobian
of the manipulator. Given an end effector position, the manipulability measure is usually
used to find an optimal configuration or an optimal set of link lengths to make the manip-
ulator as dexterous as possible [16]. This works especially well in the case of redundant
manipulators because they can satisfy additional desirable task(s).

Several studies have investigated manipulability and dexterity for the design and control
of redundant manipulators [5, 9, 21, 23, 24, 38, 42]. Bipedal robots, and the human body, can
be modeled as a set of serial redundant manipulators such as legs, arms, and head, all con-
nected together at the trunk. The end of each of these manipulators can be considered as an
end effector. So, analysis performed on the manipulability of manipulators can be extended
to bipeds (either robots or humans). However, in the case of bipedal walking, there is a lack
of comprehensive studies on manipulability. For example, the profile of manipulability of
the swing foot over the gait cycle has not been studied. The kinematic manipulability of the
swing foot indicates the set of velocities that can be achieved by the tip of the swing foot.
Manipulability can directly influence possible step directions and foot placement possibili-
ties, and consequently may be of great interest in the study of stability and maneuverability
of walking [1, 36].

Previous studies on the manipulability of bipeds can be classified into two categories: (i)
those studying manipulability and coordination of upper degrees of freedom (DoFs) for hand
movements and grasping tasks [7, 14, 15, 18, 19, 37], and (ii) those studying manipulability
and dexterity analysis of walking and whole body movements. There are also some studies
addressing both of the above-mentioned categories.

Exploring the first category is beyond the scope of the current work, and we will briefly
review studies on the manipulability analysis of biped walking. Inoue et al. [13] proposed a
controller not only based on stability but also on manipulability for a humanoid robot doing
tasks with the hands while walking. The effectiveness of the method was shown by computer
simulations and experiments on a small humanoid robot. Maneewarn and Boonprakob [20]
modified the trajectory of a biped robot off-line using the kinematic manipulability infor-
mation about the swing foot to reduce energy consumption and increase walking stability.
The method was tested on a small-size humanoid robot and the results were promising. Ota
et al. [26] considered the loss of manipulability due to reduction of DoF in development of
an 8-DoF biped robot. Xiao et al. [41] investigated the pushing manipulation by humanoid
robot BHR-2 during dynamic walking. In this research, dual arm kinematic manipulabil-
ity was analyzed by using the known leg trajectory and hands posture. Samy and Kheddar
[32] addressed the problem of safe falls for humanoid robots and proposed a new controller
based on the manipulability. Tagawa and Yamashita [35] applied the concept of manipula-
bility to measure the controllability of motion of the body in robotic bipedal locomotion.
It was suggested that in studying the kinematics and dynamics of bipeds, locomotion and
manipulation should be considered without separation because similarities seem to exist be-
tween these functions. Some studies have used the concept of manipulability in a dynamic
level [2, 17, 22, 33]. Center of mass (CoM) manipulability and zero moment point (ZMP)
manipulability have also been studied in previous studies. Naksuk and Lee [25] introduced
the ZMP Manipulability Ellipsoid as an extension to the existing ZMP balance criterion.
The shape and size of the ellipsoid of this measure represent the degree of the ability of
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a humanoid robot to instantly move the ZMP. They have formulated the manipulability of
the ZMP based on the manipulability of the CoM and showed that this measure can aid the
design process of humanoid robots. Cotton et al. [6] used the center of mass (CoM) kine-
matic manipulability and dynamic manipulability for humanoid robot design optimization
to characterize the capacity to generate any spatial acceleration of the CoM. They concluded
that the CoM dynamic manipulability is a valuable index in the field of humanoid robotics.
Gu et al. [10] suggested that gait stability of a humanoid robot is closely related to the Fea-
sible Center of Mass Dynamic Manipulability (FCDM). This index indicates the ability of
a humanoid robot to regulate its CoM motion at a given posture under ground-contact con-
straints. Padois et al. [27] addressed using the kinematic manipulability of the CoM as a
metric to measure the effects of the environmental contacts on the legged robot’s stability.
The kinematic manipulability of the CoM relates the actuated joint velocities of the robot to
the linear velocity of the CoM. They showed that instantaneous change of the CoM velocity,
due to the unit norm impulse at the joints, for the constrained robot is always higher than
that of the unconstrained robot.

In all of the above-mentioned studies, the manipulability was not investigated by looking
at the real human behavior. Given the recent interest in foot placement based stability analy-
sis [30, 39], it seems that an experimental analysis of manipulability of human walking could
be of great interest for those studying human and humanoids gait stability. However, as dis-
cussed above, little is still known about the following: (a) variation of the manipulability of
the swing limbs of human during walking, (b) the effect walking speed on the manipulability
of swing foot, (c) variation of the manipulability of CoM and its correlation with stability,
and (d) relation between the manipulability and local and orbital stability of walking. The
main purpose of the current study is to address these issues with the aim of gaining more
insight into the manipulability of walking for future use in robotics and biomechanics.

2 Model and experimental method

2.1 Multibody modeling and kinematics

The human body was modeled using a series of rigid links connected by revolute joints. The
model of the current study is presented in Fig. 1. With consideration of 6 global DoFs, the
total number of DoFs of the model is 37. The model has a tree-like structure. Each of the
14 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 one of the feet as the support, there are
three branches for the model: the swing leg, right arm and left arm. It is obvious that in this
tree-structured kinematic chain, some joints do not influence the motion of some chains. The
model consists of three serial substructures. For each of the serial substructures, the serial
segment conventions are used without change. The Denavit–Hartenberg (DH) notation is
used for geometric description of the model. Based on [34], the forward kinematics of the
model are derived using DH tables and transformation matrix (see Appendix A).

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

⎡
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Fig. 1 Model of this study and
DH coordinate frame assignment:
xi zi represent the DH
coordinates (Appendix A), ai and
di are the constant
anthropometric parameters

in which ξi (i = 1, . . . ,3) is a 6 × 1 vector containing the linear and angular velocities of
the end-effector i; qi is the joint angle and J

j

i is a 6 ×m matrix where the m depends on the
number of the joints that influence the velocity of the corresponding end-effector. There are
9 different values of m. Formally, (1) can be expressed as

ξ = J(q)q̇. (2)

The Jacobian matrix has many zero elements at the places where some joints do not influence
the motion of some end-effectors.

2.2 Manipulability

The kinematic manipulability [42] is defined based on the Jacobian of the robot as

wk =
√

det
[
J(q)J(q)T] = s1s2 · · · sn, (3)

in which si is the singular value of the Jacobian (J(q)), det is the determinant, and n is
the number of DoFs. Higher values of w imply that the manipulator is in a posture that
gives it a better ability to move. For a given configuration of a manipulator, the ellipsoid of
kinematic manipulability is drawn considering unit norm joint velocities as input (‖q̇‖ = 1).
The equation of the kinematic manipulability ellipsoid is given by

ξT(
J(q)J(q)T)−1

ξ ≤ 1. (4)
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The size and shape of the kinematic manipulability ellipsoid are important for kinematic
analysis. For a given configuration, the longest principal axis of the ellipsoid shows the
direction and the amplitude of the maximum velocity that can be reached by the end effector.

Dynamic manipulability measure has been defined in [38] which takes into consideration
the dynamics of motion. The dynamics equation of manipulators is generally presented as
follows:

M(q)q̈ + C(q,q)q̇ + G(q) = τ, (5)

where M(q) ∈ R
31×31 is the mass-inertia matrix, C(q, q̇) ∈ R

31 contains the centrifugal and
Coriolis forces terms, G(q) ∈ R

31 is the vector of gravitational forces, τ ∈ R
31 is the vec-

tor of joint torques. The dynamics equations of the model were derived using the Euler–
Lagrange formulation [34]. Based on [38], the Jacobian and mass-inertia matrices are used
to obtain the dynamic manipulability measure as follows:

wd =
√

det
[
J(q)

(
M(q)TM(q)

)−1
J(q)T]

. (6)

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. The detailed mass/inertia pa-
rameters as a fraction of total height and weight are obtained according to anthropometric
tables [40].

2.3 Experimental procedure and kinematic mapping

Eleven young healthy persons (age 27.7 ± 3.3 years, mass 75.5 ± 9.0 kg, height 1.80 ±
0.06 m; ± means s.d.) without any histories of orthopedic or neurological disorders partic-
ipated in the study. All the persons signed an informed consent form before starting trials.
The protocol was approved by the ethical committee of the Faculty of Human Movement
Sciences of VU University, Amsterdam. Subjects walked on a treadmill at three different
speeds (0.56, 1.12 and 1.68 ms−1), for 5 minutes in each condition. A 3D optoelectronic
system (Optotrak® Northern Digital Inc., Waterloo, ON, Canada) was used for kinematic
data collection of 36 reflective markers at a sampling rate of 50 Hz.

Mapping of the experimental kinematics on the model is accomplished using an inverse
kinematic method. In this method, the joint angles of the model that best reproduce the
experimental kinematics are obtained [12]. To find the best match between the model and
experimental kinematics, an optimization problem is formulated. First, virtual markers 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 corresponding experimental marker
positions are minimized. The cost function is expressed as

min
q

m∑
i=1

Wi

∥∥x
exp
i − xv

i (q)
∥∥2

, (7)

in which q is the vector of joint angles, x
exp
i is the position of experimental marker i, xv

i (q)

is the position of the corresponding virtual marker i, m is the number of markers, and Wi

is the weight associated with marker i. During the course of several simulations, the trial-
and-error procedure was used to find weights Wi that gave results in good accordance with
experiments (Table 2, Appendix B).
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Fig. 2 (a) Comparison between
the experimental kinematics and
the simulated model; (b) total
squared error between the
position of the experimental and
virtual markers

The objective function is subject to the constraints on physiological limitation of joint
angles. In each frame of motion, the cost is minimized using a commercial software package
(MATLAB release 2014a, The MathWorks, Inc., Natick, MA, USA) and the output which
is a vector of joint angles (q) is saved for future uses. In the current work, a hybrid genetic
algorithm (HGA) which combines both deterministic and stochastic routines [8] was used
to solve the optimization problem. The Crossover fraction value was 0.8 and the probability
of mutation rate was not considered to be a fixed value. The adaptive feasible function of
MATLAB (mutationadaptfeasible) was used as the mutation function to randomly generate
directions that are adaptive with respect to the last successful or unsuccessful generation.

Statistical analyses of the current study have been done using SPM1D repeated measures
ANOVA [28, 29]. This method can identify regionally specific effects.

3 Results and discussions

Figure 2(a) presents the kinematics of human and the simulation model for three selected
postures of walking. The total squared error between the positions of the virtual and real
markers is also depicted in Fig. 2(b). As can be seen, there is a good correspondence between
the kinematics of the subject and the model obtained by the optimization.

3.1 Sensitivity analysis

The manipulability index is defined based on the Jacobian and is related to the joint variables
of the model/subject. A sensitivity analysis is conducted to investigate how the variation in
the manipulability of the model can be attributed to variations of joint angles. The elemen-
tary effects (EEs) method [31] was used for the sensitivity analysis to identify influential
joint variables. The average of Elementary Effects of the variation of joint angles on the
manipulability against their standard deviations are depicted in Figs. 3 and 4 for the swing
foot and CoM, respectively.

From Fig. 3 it is apparent that the manipulability of the swing foot is more sensitive
to the support hip extension/flexion, spine joint bending and swing hip extension/flexion.
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Fig. 3 Mean of Elementary Effects (EEs) and standard deviation for swing foot. Two straight lines of slopes
σ/μ∗ = 0.1 and 1 define linear and monotonic (or almost monotonic) zones, respectively. The legend is
abbreviated. Flex stands for the flexion and ext stands for the extension

Fig. 4 Mean of Elementary
Effects (EEs) and standard
deviation for CoM. Two straight
lines of slopes σ/μ∗ = 0.1 and 1
define linear and monotonic (or
almost monotonic) zones,
respectively. The legend is
abbreviated. Flex stands for
flexion and ext stands for
extension

The top three sensitive parameters for the CoM manipulability index are ankle dosi-
flexion/plantarflexion, hip abduction/adduction and knee flexion/extension, respectively
(Fig. 4).

Based on the elementary effects (EEs) method, the ratio σ/μ∗ (Standard deviation/Mean)
is an indicator of linearity and nonlinearity. The model response is almost linear if the ratio
is smaller than 0.1. If the ratio is greater than 0.1 and smaller than 1, the model response
can be considered as monotonic or almost monotonic. If the ratio is higher than 1, there
are nonlinear effects or interactions. So, by plotting two straight lines of slopes σ/μ∗ = 0.1
and 1, respectively, we can graphically identify in the elementary effects scatter plot, those
factors which are almost linear (below the line σ/μ∗ = 0.1) and monotonic/almost mono-
tonic (below the line σ/μ∗ = 1). Results of Figs. 3 and 4 show that there are no nonlinear or
interaction effects of the factors.

3.2 Manipulability of walking

Evaluation of the manipulability index of the swing foot during walking is presented in this
section. It should be mentioned that the same results are found for both right and left swing
feet. For directional analysis of the capacity to perform velocities at the swing limbs, the
manipulability ellipsoids are plotted. It should be remembered that these velocity ellipsoids
define the set of swing foot and hands velocities that can be obtained given a set of joint
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Fig. 5 Horizontal, sagittal and frontal plane views of manipulability ellipsoids at (a) early swing,
(b) mid-swing, and (c) late swing phases of walking

Fig. 6 Three-dimensional
kinematic manipulability
ellipsoids for the swing foot and
hands

velocities of unit norm. The two-dimensional ellipsoids are shown in all three anatomical
planes in Fig. 5, and the three-dimensional ellipsoids of swing limbs at three different stages
of the swing phase are depicted in Fig. 6. As can be seen, there are differences between the
direction and length of the principal axes of the ellipsoids. For example, during the late swing
phase (Fig. 6(c)) the direction of the major axis is totally different from that during early
swing phase, and also in the latter phase it is rounder than the former phase. The direction
of the largest principal axis of the kinematic manipulability ellipsoid of the swing foot in
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Fig. 7 (a) Kinematic manipulability of the swing foot for different speeds (V 1 = 0.56 ms−1,
V 2 = 1.12 ms−1, and V 3 = 1.68 ms−1). Solid lines show the mean (M), and shaded clouds (E) indicate
the standard deviation envelope. (b) SPM1D repeated measures ANOVA of swing foot for kinematic manip-
ulability index. Three speeds were considered. Small p-value (p ≤ 0.05) indicates that a significant difference
does exist. F∗ is the significance level of SPM (at α = 0.05)

the horizontal plane rotates from anterior–posterior to anteromedial–posterolateral when the
subject moves from early swing phase to late swing phase (see Fig. 5). The directions of
the principal axes for the hands and the swing foot are not the same during the late swing
phase. In the sagittal plane, the largest axis of the swing foot ellipse rotates from anterior–
superior/posterior–inferior to the anterior–inferior/posterior–superior direction. In this plane
and at the mid-swing phase, the size of ellipse is smaller than the early and late swing phases.
There is not a considerable change of axis direction in the frontal plane, but the variation of
the volume of the manipulability ellipse is substantial.

Figure 7(a) shows the evolution of the kinematic manipulability index of the swing
foot during walking. The effect of walking speed was tested using SPM1D for kine-
matic manipulability index of swing phase (Fig. 7(b)). With the higher speeds of walk-
ing, the kinematic manipulability of swing foot significantly increases in early and late
swing phases (Fig. 7(b)). It is seen that during mid-swing phase of walking, the kine-
matic manipulability value is lower than that of the early and late swing phases. This re-
sult indicates a greater range of possible motions at the early and the late swing phases of
walking.

Evaluation of the dynamic manipulability index of the swing foot at different speeds is
presented in Fig. 8(a). As can be seen, it starts with a relatively small value during early
swing phase and then it rises to maximum values during the end of the late swing phase.
Unlike the kinematic manipulability index, the dynamic manipulability decreased with in-
creasing walking speed. The effect of walking speed was tested using SPM1D for dynamic
manipulability index of swing phase (Fig. 8(b)). With the higher speeds of walking, the dy-
namic manipulability of swing foot significantly decreases during 20% and 40% of swing
phases. It should be mentioned that the consideration of unit norm torques/velocities as in-
puts to calculate the dynamic/kinematic manipulability does not impose any limitation to
the method of the current work and the obtained results are general.

3.3 Manipulability and stability

To assess possible correlations between the manipulability and stability of walking, lo-
cal and orbital dynamic stability of walking were calculated. Maximum Floquet multipli-
ers (MaxFMs) and maximum Lyapunov exponents (λs ) were calculated to quantify or-
bital stability and local stability of walking, respectively [4]. It should be mentioned that
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Fig. 8 (a) Dynamic Manipulability of swing foot for different speeds (V 1 = 0.56 ms−1, V 2 = 1.12 ms−1,
and V 3 = 1.68 ms−1). Solid lines show the mean (M), and shaded clouds (E) indicate the standard deviation
envelope. (b) SPM1D repeated measures ANOVA of swing foot for dynamic manipulability index. Three
speeds were considered. Small p-value (p ≤ 0.05) indicates that a significant difference does exist. F∗ is the
significance level of SPM (at α = 0.05)

Fig. 9 Correlation between the
average kinematic manipulability
of swing foot and local and
orbital dynamic stability
measures for eleven subjects
walking at (a) V 1 = 0.56 ms−1,
(b) V 2 = 1.12 ms−1, and
(c) V 3 = 1.68 ms−1. Correlation
coefficients are depicted on the
top of the subplots. Each p-value
is the probability of getting a
correlation as large as the
observed value by random
chance. If p is less than 0.05, then
the correlation is significant

both of these measures have an inverse relation with stability. Figure 9 shows the cor-
relations between the average kinematic manipulability of the swing phase and the sta-
bility measures of all the subjects walking at three different speeds. As seen, there are
negative correlation between the manipulability and maximum Floquet multipliers at the
speeds V 1 and V 3. For stability of a gait cycle, Floquet multipliers should remain inside
the unit circle (FM < 1). Higher values of MaxFMs indicate a more unstable gait pattern.
On the other hand, the negative correlation between the kinematic manipulability of swing
foot and MaxFMs shows the importance of the manipulability for orbital dynamic stability
of gait.



On the manipulability of swing foot and stability of human locomotion

Fig. 10 Correlation between the
average dynamic manipulability
of swing foot and local and
orbital dynamic stability
measures for eleven subjects
walking at (a) V 1 = 0.56 ms−1,
(b) V 2 = 1.12 ms−1, and
(c) V 3 = 1.68 ms−1. Correlation
coefficients are depicted on the
top of the subplots. If p is less
than 0.05, then the correlation is
significant

Fig. 11 The CoM manipulability ellipsoids at early, mid- and late swing phases of walking: (a) horizontal
view, (b) frontal view, (c) sagittal view

There is a weak correlation between the kinematic manipulability of the swing foot and
the local stability (Fig. 9). There are positive correlations between the kinematic manipu-
lability and local stability measure (λs ) at all the speeds. The correlation between the local
stability measure and the kinematic manipulability of slow walking is weaker than for the
others. This implies that increases in the kinematic manipulability of swing foot during
higher walking speeds lead to decreased local stability, and vice versa. The correlation be-
tween the dynamic manipulability and stability was also weak (Fig. 10).

Figure 11 shows the kinematic manipulability ellipsoids of CoM at early, mid- and late
swing phases. Figure 12 shows the correlation between the kinematic manipulability of CoM
and the stability measures. The evolution of the kinematic manipulability of the CoM during
swing phase is depicted in Fig. 13(a). The results showed no significant correlation between
the kinematic manipulability of the CoM and stability of walking (Fig. 12). Although the
variation of the kinematic manipulability of CoM is not significant, it is interesting that it
decreases with increasing walking speed during early and mid- swing phases but not during
late swing phase (Fig. 13(a)). The effect of walking speed was tested using SPM1D for
CoM kinematic manipulability index of swing phase (Fig. 13(b)). With the higher speeds
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Fig. 12 Correlation between the
average kinematic manipulability
of CoM and local and orbital
dynamic stability measures for
eleven subjects walking at
(a) V 1 = 0.56 ms−1,
(b) V 2 = 1.12 ms−1, and
(c) V 3 = 1.68 ms−1. Correlation
coefficients are depicted on the
top of the subplots. If p is less
than 0.05, then the correlation is
significant

Fig. 13 (a) Kinematic manipulability of CoM during swing phase for different speeds (V 1 = 0.56 ms−1,
V 2 = 1.12 ms−1, and V 3 = 1.68 ms−1). Solid lines show the mean (M), and shaded clouds (E) indicate the
standard deviation envelope. (b) SPM1D repeated measures ANOVA of CoM for kinematic manipulability
index. Three speeds were considered

of walking, the kinematic manipulability of CoM significantly decreases during early swing
phase.

During the swing phase, the manipulability of the CoM is only related to the joint an-
gles of the stance leg (approximating the position of the CoM in the position of the spine),
whereas the manipulability of the swing foot is related to the joints of the support leg, spine
and swing leg. So the degree of redundancy for the swing foot is more than that of the CoM.
Nevertheless, it is clear that even a small redirection of the CoM can influence the kinemat-
ics of the swing foot and consequently its manipulability. Previous studies have indicated
the importance of manipulating the CoM in foot placement [3, 11]. Our study shows that
during the swing phase of normal walking the manipulability of CoM has no substantial
variations.

However, the current study has some limitations, including the approximation of the CoM
at the position of the spine joint. To obtain more realistic results, the real whole-body CoM
should be considered.
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In the current work, it has implicitly been assumed that the maximum angular velocities
and driving torques of all joints are the same and the manipulability ellipsoids are obtained
based on this assumption. Unit velocities and torques have been used to obtain manipula-
bility ellipsoids. This is the other limitation of the current work. In order to obtain more
realistic results, normalization of the variables should be performed and the manipulability
ellipsoids should be obtained using the normalized Jacobian [43].

At last but not least, although the results of current study showed that there are no sig-
nificant correlations between the manipulability and two stability measures (MaxFMs and
(λs )), these results do not imply that there is no significant relation between the manipula-
bility and other stability measures (for example, foot placement based stability measures).
Foot placement based stability measures have recently been of interest but they do not share
the same breadth of development as other methods with years of development behind them.
More research is needed in this area.

4 Conclusions

In this paper, an evaluation of the manipulability of the swing phase of human walking
was presented. The variation of the manipulability of the swing foot was substantial dur-
ing the swing phase. The kinematic manipulability measure starts with a relatively greater
value during early swing phase and then it reaches a minimum value during mid-swing
phase. Eventually, it rises again to near the initial value during the end of the late swing
phase. The direction of the largest principal axis of the kinematic manipulability ellipses
changes over the swing phase. The dynamic manipulability of the late swing phase is
higher than that of the early and mid-swing phases. The kinematic manipulability of the
swing foot increased significantly with increasing walking speed during the early and late
swing phases but not during mid-swing phase, whereas the dynamic manipulability de-
creases with increasing walking speed during entire the swing phase. The sensitivity anal-
ysis showed that the manipulability of swing foot is most sensitive to the contralateral hip
flexors/extensors.

The relation between stability and manipulability of the swing foot was also investigated
in this study. The results indicate a weak relation between the manipulability of the swing
foot and local and orbital stability of walking. The analysis indicated that the kinematic
manipulability of the CoM has no significant changes during the swing phase of walking.
There was no significant relation between the kinematic manipulability of the CoM and
stability during the swing phase of walking.

The results of this study encourage further research elucidating the role of manipulability
in prediction of foot placement that can directly affect the maneuverability and disturbance
rejection of humans or humanoid robots. It may also be possible to use the manipulability
index in prediction of singularity and configurations locks in path planning of biped robots.
This index may also be used as a criterion in rehabilitation to assess the improvement of
performance.
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Appendix A: DH table of the model

DH parameters of the body model based on the coordinates depicted in Fig. 1 are as follows:

Table 1 DH parameters of the model of current study

DoF ai αi di qi Branch/segment

1 rfoot 0 0 q1 Right leg

2 0 π/2 0 q2

3 rcalf −π/2 0 q3

4 rthigh 0 0 q4

5 0 π/2 0 q5

6 0 π/2 0 q6

7 a1 0 d1 q7 Spine

8 0 π/2 0 q8

9 0 −π/2 0 q9

10 a2 0 d2 q10 Right arm

11 0 −π/2 0 q11

12 0 −π/2 0 q12

13 rarm π/2 0 q13

14 0 π/2 0 q14

15 0 −π/2 rforearm q15

16 0 π/2 0 q16

17 rhand 0 0 q17

18 −d1 0 −a1 q18 = q10 Left leg

19 0 −π/2 0 q19

20 0 π/2 0 q20

21 lthigh π/2 0 q21

22 lcalf 0 0 q22

23 0 π/2 0 q23

24 0 −π/2 lfoot q24

25 a2 0 −d2 q25 = q10 Left arm

26 0 −π/2 0 q26

27 0 −π/2 0 q27

28 larm π/2 0 q28

29 0 −π/2 0 q29

30 0 −π/2 lforearm q30

31 0 π/2 0 q31

32 0 0 lhand q32
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The transformation matrix is equal to

j−1Tj =

⎡
⎢⎢⎢⎣

cθj
−sθj

cαj
sθj

sαj
aj cθj

sθj
cθj

cαj
−cθj

sαj
aj sθj

0 sαj
cαj

dj

0 0 0 1

⎤
⎥⎥⎥⎦ ,

in which j = 1,2, . . . , n.

Appendix B: Weights of the cost function (7)

The weights (Wi ) that have been used in the cost function of the inverse kinematics problem
(7) is summarized in the following table:

Table 2 Wi of the cost function

Marker name Weight Marker name Weight Marker name Weight

Right toe 1 Right ankle 10 Right knee 10

Left toe 1 Left ankle 10 Left knee 10

Right hip 10 Right wrist 5 Right shoulder 10

Left hip 10 Left wrist 5 Left shoulder 10

Right elbow 20 Right hand 30 pelvis 10

Left elbow 20 Left hand 30
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