AUT Journal of Mechanical Engineering
AUT J. Mech. Eng., 6(2) (2022) 179-188
DOI: 10.22060/ajme.2022.20391.5999

Comprehensive Evaluation of Human Hand Manipulability During Walking at
Different Speeds
B. Miripour Fard1*, S. M. Bruijn2, A. Hajiloo3
Faculty of Mechanical Engineering, University of Guilan, Rasht, Iran
Department of Human Movement Sciences, VU University, Amsterdam, Netherlands
3
Independent Scholar, Los Angeles, California, USA
1
2

ABSTRACT: Using the experimental kinematic data of 11 healthy subjects, the kinematic manipulability
of human hands during walking is evaluated. A total of 37 degrees of freedom mechanical model of the
human body is used for this purpose. The forward kinematics and Jacobian of the model have been
derived using the Denavit-Hartenberg convention. Experimental kinematics are mapped on the model
using the inverse kinematic method based on optimization. The effect of walking speed on the profile
and symmetry of manipulability for both right and left hands are studied. Statistical analysis showed
that the walking speed can change the manipulability of hands and there is no quantitative symmetry
between the manipulability of right and left hands. The results showed that there is more ability to
create velocity for the hands-on horizontal plane than on other anatomical planes during walking. The
results of sensitivity analysis showed the importance of the values of the hip and shoulder joints on the
manipulability of the hands. The experimental manipulability profile of healthy human hands presented
in this article can be used as a reference in rehabilitation to evaluate the effectiveness of physiotherapy
as well as evaluation of hand function after surgery and also designing realistic motions for humanoids.

1- Introduction
The concept of manipulability was first introduced in
robotics by Yoshikawa [1] for industrial robots. Manipulability
is an indicator that each specific pose of the robot, determines
the capacity to create speed in the end-effector of the robot
in different directions. This criterion, defined by the robot
Jacobian, is usually represented by an ellipse. The center of
the ellipse is a point of the end-effector, and the capacity to
create velocities in the direction of the elliptical diameters
will vary. The volume of this ellipse will indicate the degree
of total manipulation in a given posture. If the volume of
the ellipse is zero, the robot will be in a singular position,
and if the diameters of the ellipse are the same (sphere), the
manipulability will be the same in all directions. There are
many studies in the field of robotics on manipulability. In
Ref. [2] a manipulability optimization control of a 7- Degree
of Freedom (DoF) robot manipulator for Robot-Assisted
Minimally Invasive Surgery (RAMIS) has been proposed.
The relation between coordinates and manipulability analysis
has been investigated in Ref. [3]. In this study, the dependency
of manipulability on joint coordinates through the use of an
appropriate metric has been removed. In Ref. [4] a distributed
manipulability optimization scheme has been proposed to
maximize the manipulability of redundant robot manipulators
in a distributed network with limited communication. The
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concepts of manipulability measure and task compatibility
are also extended to the free-floating closed chain system
in Ref. [5]. In the field of humanoid robots, relatively little
research has been done on manipulability. In most of these
studies, the coordination of hands in performing tasks in a
standing phase has been studied [6-10]. For example, in
Ref. [6], the coordination of the fingers in performing tactile
tasks on the phone has been investigated using the concept
of manipulability. Also, in Ref. [7], the ability of the hands
to grasp objects has been investigated using manipulability.
Some studies have also studied the hand manipulation of
the humanoid robot as it moves [8-11]. In Ref. [12] single
and dual-arm manipulability of human movements during
the execution of industry-like activities has been studied.
Manipulability has also been used for optimizing human
working configuration [13].
In robotic research on manipulability, there are interesting
results about the human body, for example, it has been
found that approximately equal arm and forearm length in
the human hand maximizes hand manipulability. Humans
also subconsciously place their elbows at a 90-degree angle
when writing. It can easily be shown that in this posture the
manipulability is maximized [14].
The human body can be modeled like manipulators. A
tree structure can be considered for modeling, each branch
of which consists of a serial arm. With such modeling, the
concept of manipulability for the human model can also be
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evaluated.
the single support phase, where the right foot is the support,
the right leg is considered as the trunk, and the left foot and
In Refs. [15] and [16], swing foot manipulability during
two hands can be considered as branches. In other words, in
walking has been studied and its relationship with stability
this case, there are three manipulators, and the corresponding
and selection of motor strategies has been investigated. The
end-effectors are the tip of the swing foot (left foot), left and
results showed that swing foot manipulability can explain the
right hands. For each of these branches, the corresponding
reason for choosing movement strategies during perturbed
Jacobian and consequently manipulability can be defined
walking. Also, in these studies, the manner of changes in the
independently.
manipulability of the swing foot in the single support phase
has been determined. The results showed that manipulability
The relationship between joint velocities and end-effector
can affect the step size and consequently the stability.
velocities
can be expressed as follows:
In continuation of our previous research, in the
present work, the aim is to conduct a comprehensive and
experimental study to investigate the manipulability of the
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Fig. 1. The dynamic model of the human body and assigned coordinates
Fig. 1. The dynamic model of the human body and assigned coordinates

direction of the major axis. In other words, the manipulability
in this direction will be more. The volume of this ellipse
represents the total size of the manipulability (w) given in
Eq. (2).

treadmill at three different speeds (0.56, 1.12, and 1.68)
meters per second for 5 minutes. The motion analysis system
recorded the position of 39 reflective markers on the subject’s
body at a frequency of 50 Hz.

2- 2- Experimental motion analysis data and mapping on the
model
Raw experimental data from the motion analysis system
recorded at Vrije Universiteit in Amsterdam are used in this
paper [20]. These data provide the coordinates of markers
on the body of 11 subjects while walking on a treadmill at
different speeds. The general anthropometric parameters of
the subjects are given in Table 1.
The experiment protocol has been approved by the Ethics
Committee of the Vrije Universiteit and all subjects signed
the consent forms for the trials. Each subject walked on a

2- 3- Mapping experimental data on the model
Manipulability is not a quantity that can be calculated
directly for each subject. It is necessary to map the
kinematics of each subject’s motion on the corresponding
model and then calculate the manipulability by knowing the
Jacobian equations of the model. One method for mapping
experimental data is to consider virtual markers on the model,
and then obtain the values of the joint angles of the model in
such a way that the difference between the position of virtual
and real markers is zero or minimal. This method leads to the
formation of an optimization problem in which the objective
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 q1  Table 1. Anthropometric
parameters (1)
of 11 healthy male subjects example of a table
1Anthropometric
2
Table
1.
parameters of 11 healthy male subjects example of a table
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corresponds to the real posture of the subject.
  q31  To solve the
optimization problem, a hybrid genetic algorithm method has
been used. The optimization problem is solved in MATLAB
software. For more information on the method, as well as the
optimization constraints and the assumed weight coefficients,
see the Appendix section.
3- Results and Discussion
The evolution of the manipulability index of the left and
right hands during walking at different speeds is shown in
Fig. 2. From Fig. 2a, it is evident that if the left foot is in
the stance phase (support phase), the left-hand manipulability
index does not change much during the swinging of the
other foot. A similar result can be stated for the right foot
(Fig. 2d). According to the results of Figs. 2a and 2d, it
can be concluded that the manipulation of the right hand is
slightly higher than the left hand. However, if the left foot is
supported, the manipulability of the right hand is less than
the manipulability of the left hand when the right foot is
supported (Figs. 2b and 2c)
It is worth noting that a difference between the
manipulability of the right and left hands is seen in Fig. 2.
Previous research has shown that the kinematic asymmetry of
arm-swing is not related to handedness [21]. Therefore, given
that the manipulability is calculated based on kinematics,
the observed difference between the manipulability results
between the right and left hands (Fig. 2) is not related to
handedness.
To identify regionally specific effects of walking speed
on manipulability, one-dimensional Statistical Parametric
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Mapping (SPM1D) repeated measures ANOVA has been
used. SPM1D is a package for one-dimensional Statistical
Parametric Mapping [22, 23]. It uses random field theory to
make statistical inferences regarding registered (normalized)
sets of 1D measurements. The results of SPM1D repeated
measures ANOVA for hands are depicted in Fig. 3. Both the
manipulability of left and right hands showed increases in
manipulability with increasing walking speed, although only
in certain parts of the gait cycle (see Figs. 2 and 3).
The hand manipulability ellipsoids are shown in Figs. 4
to 6 at the early-, mid-and late-swing phases of walking from
three different views. It is clear from Fig4 . that the major
and minor axes of the ellipses for the right and left hands are
different, but the volume of the ellipses is almost the same.
At the mid-swing phase (Fig. 5) and on the sagittal plane, the
axes of the ellipses are approximately parallel. Also, in this
phase, as in the previous phase, the volumes of the hand’s
manipulability ellipsoids are almost the same. In the lateswing phase (Fig. 6), the axes of the ellipses are not in the
same direction for the right and left hand and the volume of
the ellipses are different in sagittal and frontal planes. From
Figs. 4 to 6 it is clear that the ability of both hands to create
velocity in the horizontal plane is more than in the other two
planes.
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 Elementary Effects (EEs)
method [24] was used for the sensitivity analysis to identify
important joint variables. The average Elementary Effects
of the variation of joint angles on the manipulability against
their standard deviations are depicted in Figs. 7 and 8 for the
right swing hand and left swing hand, respectively.
The top three sensitive parameters for the left-hand
manipulability index during the right stance phase are left
shoulder abduction/adduction, left shoulder extension/
flexion, and left elbow flexion/extension (Fig. 7). For the
right-hand manipulability during the right stance phase, the
more important parameters are the right shoulder extension/
flexion, right shoulder abduction/adduction, and right hip
flexion/ extension (Fig. 8). Similar results are obtained during
the left foot stance phase.
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(a) Manipulability of left hand, left stance phase

(b) Manipulability of right hand, left stance phase

(c) Manipulability of left hand, right stance phase

(d) Manipulability of right hand, right stance phase

Fig. 2. Manipulability of the right and left swing hands for different speeds (𝒗𝒗𝟏𝟏 = 𝟎𝟎. 𝟓𝟓𝟓𝟓𝐦𝐦𝐬𝐬 −𝟏𝟏 ; 𝒗𝒗𝟐𝟐 = 𝟏𝟏. 𝟏𝟏𝟏𝟏𝐦𝐦𝐬𝐬 −𝟏𝟏 ; 𝒗𝒗𝟑𝟑 =
𝟏𝟏. 𝟔𝟔𝟔𝟔𝐦𝐦𝐬𝐬 −𝟏𝟏 ).
−1

Fig. 2.Manipulability of the right and left swing hands for different speeds (v 1 = 0.56ms ,

Dashed
show
−1
−1 mean (M) and shaded clouds (E) indicate the standard deviation envelope.
). Dashed lines show the mean (M) and shaded clouds (E) indicate the
, v 3lines
v 2 = 1.12ms
= 1.68
msthe

standard deviation envelope.

4- Conclusion
Experimental analysis of human hand manipulability
was performed in this study. Profiles of changes in this index
were provided during walking at different speeds. Both the
manipulability of left and right hands showed increases in
manipulability with increasing walking speed. The results
showed that there is more ability to create velocity for the
hands-on horizontal plane than on other anatomical planes.
Quantitatively, there is no symmetry between the left and
right-hand manipulability, but the trend of changes in this
index during walking is almost the same for both hands (Fig.
2). Sensitivity analysis showed that the hip and shoulder
joints have a most important effect than other joints on the
manipulability of the hands. Therefore, it is recommended to
pay more attention to these joints in designing exoskeletons
and ergonomic equipment. In the other words, considering

the manipulability of hands in the ergonomic design of
equipment ensure that human users are enabled to function
properly and dexterously. The experimental manipulability
profile of healthy human hands presented in this article
can be used as a reference in rehabilitation to evaluate the
effectiveness of physiotherapy as well as evaluation of hand
function after surgery. The result can also be used in the path
planning of humanoid robot hands.
Appendix
Jacobian matrix
The Jacobean is calculated only 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
(1) is a 6N ×1 vector (N=3), and the Jacobian matrix is a 6N
× 31 matrix (N=3)
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Fig. 3. SPM1D repeated measures ANOVA of right and left swing hands for manipulability index. Three walking speeds were

Fig. 3. SPM1D repeated measures ANOVA of right and left swing hands for manipulability index.
Three walking speeds
were considered.
F* line)
(redisdashed
line) islevel
the significance
level of SPM.
the significance
of SPM.
considered.
F* (red dashed

Sagittal view

Frontal view

Horizontal view

Fig. 4. Manipulability ellipsoids for the hands in the early-swing phase. The right foot is the support.

Fig. 4. Manipulability ellipsoids for the hands in the early-swing phase. The right foot is the support.
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Sagittal view

Frontal view

Horizontal view

Fig. 5. Manipulability ellipsoids for the hands in the mid-swing phase. The right foot is the support.
Fig. 5. Manipulability ellipsoids for the hands in the mid-swing phase. The right foot is the support.

Sagittal view

Frontal view

Horizontal view

Fig. 6. Manipulability ellipsoids for the hands in the late swing phase. The right foot is the support.
Fig. 6. Manipulability ellipsoids for the hands in the late swing phase. The right foot is the support.

185

B. Miripour Fard et al., AUT J. Mech. Eng., 6(2) (2022) 179-188, DOI: 10.22060/ajme.2022.20391.5999

3

R ankle dorsi/plantar flex
R ankle eversion/inversion
R knee ext/flex
R hip flex/ext
R hip abduction/adduction
R hip external/internal rotation
Spine joint twist
Spine joint tilt
Spine joint bend
L shoulder ext/flex
L shoulder internal/external rotation
L shoulder abduction/adduction
L elbow flex/ext
L elbow internal/external rotation
L wrist radial dev./ulnar dev.

Standard deviation of EEs

2.5
2
1.5
1
0.5
0

0

0.5

1

1.5
2
Mean of EEs

2.5

3

Fig. 7. Mean of Elementary Effects (EEs) and standard deviation for left swing hand. The legend is abbreviFig. 7.ated.
Mean L
ofstands
Elementary
andfor
standard
deviation
for leftfor
swing
hand. and
The legend
is abbreviated.
stands for left, R
for Effects
left, R(EEs)
stands
Right,
flex stands
flexion
ext stands
for the L
extension.
stands for Right, flex stands for flexion and ext stands for the extension.

3

R ankle dorsi/plantar flex
R ankle eversion/inversion
R knee ext/flex
R hip flex/ext
R hip abduction/adduction
R hip external/internal rotation
Spine joint twist
Spine joint tilt
Spine joint bend
R shoulder ext/flex
R shoulder internal/external rotation
R shoulder abduction/adduction
R elbow flex/ext
R elbow internal/external rotation
R wrist radial dev./ulnar dev.

Standard deviation of EEs

2.5
2
1.5
1
0.5
0

0

1

2
3
Mean of EEs

4

5

Fig. 8. Mean of Elementary Effects (EEs) and standard deviation for right swing hand. The legend is abbreviated.
L stands for
left,(EEs)
R stands
for Right,
ex stands
extension
flex
for L
flexion.
Fig. 8. Mean
of Elementary
Effects
and standard
deviation
for rightfor
swing
hand. Theand
legend
is stands
abbreviated.
stands for left, R
stands for Right, ex stands for extension and flex stands for flexion.
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JRight
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Right ankle
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Right knee
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Left knee
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 det(J(q)J T (q))

Right hip

10 (2)

Right wrist
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Right shoulder
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[J(q)JT (q)]1ξ  1
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Left wrist
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Left shoulder

10

Right elbow
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Right hand

30
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10

Left
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30
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 ξ1   J1
 ξ    J1
 2  2
1
 
 ξ 3   J 3
1

J12
J 22
J 32

J13   q1 

J 32   
J 33   q31 

in which ξi (i=1..3) is a 6×1 vector containing the linear
j
and angular velocities of the end-effector i. 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.

approach, first GA is used to approach a point near the
optimum point. In this stage, a small number of generations
is used to speed the solution process. Then, the solution
from GA is used as the initial point for the fmincon solver to
perform a faster and more efficient local search.
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Constraints and weight matrix of the optimization
problem
Table 2. shows the weights used in the optimization cost
(Eq. (4)).
The joint angles (q) are the design variables of the
optimization in each frame of motion. The cost function (Eq.
(4)) is subject to the constraints on physiological limitation
of joint angles. The lower and upper bounds on the design
variables (in radians) are considered 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]*π/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]*π/180;
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