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The current world has problems with the declining birth
rate and aging population. With this problem, application
of robotics technology to commodity life is highly required.
Especially, demand of rehabilitation robotics becomes more
and more increasing. Hence, a special issue on rehabilitation
robotics introducing the forefront rehabilitation assist technology is planned in this journal.
The paper by G. Belforte et al., “Bra.Di.P.O. and P.I.G.R.O.:
innovative devices for motor learning programs” presents two
mechatronics prototypes, useful for robotic neurotreatments
and new clinical trainings. P.I.G.R.O. (pneumatic interactive
gait rehabilitation orthosis) is an active exoskeleton with an
electropneumatic control. It imposes movements on lower
limbs in order to produce in the patient’s brain proper motor
cortex activation. Bra.Di.P.O. (brain discovery pneumatic
orthosis) is an MR-compatible device, designed to improve
fMRI (functional magnetic resonance imaging) analysis. The
two devices are presented together because both are involved
in the study of new robotic treatments of patients affected by
ictus or brain stroke or in some motor learning experimental
investigations carried on healthy subjects.

The paper “Swarm robot control for human services and
moving rehabilitation by sensor fusion” by T. Dewi et al. concentrates on swarm service robots. This study applies sensor
fusion and swarm concept for service mobile robots in human
services and rehabilitation environment. The swarm robots
follow the human moving trajectory to provide support to
human moving and perform several tasks required in their
living environment. This study applies a reference control and
proportional-integral (PI) control for the obstacle avoidance
function.
The paper “A bio-inspired 10 DOF wearable powered arm
exoskeleton for rehabilitation” by S. K. Manna et al., S. Bhaumik develops exoskeleton device (Exorn) comprised of ten
degrees of freedom to control joints starting from shoulder
griddle to wrist to provide better redundancy, portability, and
flexibility to the human arm motion. A 3D conceptual model
is being designed to make the system wearable by human arm.
All the joints are simple revolute joints with desired motion
limit. A Simulink model of the human arm is being developed
with proper mass, length, and mass moment of inertia to
determine proper torque required to actuate those joints.
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The paper “Constraint study for a hand exoskeleton:
human hand kinematics and dynamics” by F. Chen Chen
et al. provides a complete summary of the kinematic and
dynamic characteristics of the human hand as a preliminary
step towards the development of hand devices such as prosthetic/robotic hands and exoskeletons imitating the human
hand shape and functionality.
The paper “Exoskeleton technology in rehabilitation:
towards an Emg-based orthosis system for upper limb neuromotor rehabilitation” by L. M. Vaca Benitez et al. gives
an overview on different kinds of neuromuscular deseases,
review different forms of therapy and explain possible fields
of rehabilitation and benefits of robotic aided rehabilitation.
Next the mechanical design and control scheme of an upper
limb orthosis for rehabilitation are presented.
The paper “Motion path design for specific muscle training
using neural network” By K. Itokazu et al., proposes algorithms for designing a motion path capable of strengthening
specific muscles. By using the proposed algorithms, it is
possible to design a motion path maximizing the activity of
an agonist muscle and minimizing that of other muscles. For
training, the load is applied by using a 2-link arm. EMG signal
is measured during a training experiment and the degree of
muscular revitalization is evaluated by the amplitude of EMG
signal.
The paper “Design and evaluation of the AIRGAIT
exoskeleton: leg orthosis control for assistive gait rehabilitation”
by M. A. Mat Dzahir and S. Yamamoto introduces the body
weight support gait training system known as the AIRGAIT
exoskeleton and delves into the design and evaluation of
its leg orthosis control algorithm. This research proposes a
simple paradigm for controlling the mono- and biarticular
actuator movements cocontractively by introducing a cocontraction model.
The paper “An obstacle avoidance method for action
support 7-DOF manipulators using impedance control” by M.
Hamaguchi and T. Taniguchi proposes an obstacle avoidance
method of action support 7-DOF manipulators. The manipulators are controlled with impedance control to follow user’s
motions. 7-DOF manipulators are able to avoid obstacles
without changing the orbit of the end-effector because they
have kinematic redundancy.
The paper “Development of assistive robots using international classification of functioning, disability, and healthconcept, applications, and issues” by H. Tanaka et al. proposes
a framework of evaluation and design of assistive robots using
ICF (International Classification of Functioning, Disability,
and Health). The goal of the framework is realization of the
life design and the improvement of the quality of life using
assistive technologies.
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Ryojyun Ikeura
Ken’ichi Yano
Ryo Saegusa
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Two mechatronics prototypes, useful for robotic neurotreatments and new clinical trainings, are here presented. P.I.G.R.O.
(pneumatic interactive gait rehabilitation orthosis) is an active exoskeleton with an electropneumatic control. It imposes movements
on lower limbs in order to produce in the patient’s brain proper motor cortex activation. Bra.Di.P.O. (brain discovery pneumatic
orthosis) is an MR-compatible device, designed to improve fMRI (functional magnetic resonance imaging) analysis. The two devices
are presented together because both are involved in the study of new robotic treatments of patients affected by ictus or brain stroke
or in some motor learning experimental investigations carried out on healthy subjects.

1. Introduction
According to the theory of neuroplasticity, which neurologists have accepted for only a few decades, the brain is
capable of “learning” even in adult age and following injuries,
if appropriately stimulated [1, 2]. In recent years, a number of
devices have been developed [3, 4] that can stimulate certain
functions or simulate physiological movements so locomotor
and cognitive functions in brain-damaged patients can be
investigated using fMRI, or functional magnetic resonance
imaging [5, 6].
Functional magnetic resonance imaging has made it
possible to look into the human brain “in vivo” for the first
time, literally “watching it at work.” In addition, fMRI is used
on healthy subjects to gain an understanding of our brain’s
complex capabilities in studies of motor learning.
The paper presents two optimised electropneumatic prototypes, whose previous design can be read in [7–12].
The first one, called Bra.Di.P.O. (brain discovery pneumatic orthosis), is used to move the subject’s feet during the

fMRI analysis in order to impose a controlled movement and
stimulate the motor cortex during the test.
The other one, called P.I.G.R.O. (pneumatic interactive
gait rehabilitation orthosis), is an active electropneumatic
exoskeleton for lower limbs motor exercises.
Designed at the Politecnico di Torino, Department of
Mechanical and Aerospace Engineering, the two devices have
to be used together in the study of motor imagery with
healthy subjects or not, to evaluate changes in brain plasticity
at the level of motor circuits and motor imagination.
Their common and main advantages are physiotherapist’s
work improvement; movement imposed with repeatability;
electronic data acquisition; continuous measurement of the
whole test parameters; different clinical protocols possibility.
In comparison with their previous design [7], these
optimised prototypes show the improvements underlined in
the following paragraphs.
Furthermore, the clinical procedure here presented, carried out using Bra.Di.P.O. and P.I.G.R.O. on healthy subjects,
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is an interesting research on human motor cortex functioning.

2. Robotic Machines Prototypes
2.1. Bra.Di.P.O. Bra.Di.P.O. [7, 9–11] is an MR-compatible
device with 1 DoF (degree of freedom) in the sagittal plane,
which allows the patient’s ankle joint rotation around its
proper axis. It has two pedals to which the patient’s feet
are secured, moved by a pneumatic actuator (Figures 1(a)
and 1(b)), and it operates either in “active mode” (patient
follows the pedal movement passively) or in “passive mode”
(patient moves the feet autonomously and an optical angular
potentiometer, put on the pedals, records the traveled angle).
Some similar examples are shown in literature, as discussed in [13–23].
These devices are always MR compatible, as they have
to work in the magnetic resonance chamber without producing interference [13–15] and use in general pneumatic or
hydraulic controls.
Bra.Di.P.O. can be adapted to patient’s feet with an
anthropometric range between 10%ile woman and 95%ile
man, in agreement with the standards underlined in [24, 25].
All electrical parts and the PC are remotely located. A userfriendly graphical interface is also provided.
A flow chart of the Bra.Di.P.O. management software is
shown in Figure 1(c). It was developed by the authors in
order to optimize this investigation. Each test starts with a
general system check, after which the operator can choose
test parameters (cylinder velocity, pedal angle range, and
operating frequency). Each frame has a virtual emergency
switch to stop software during analysis.
The main problems encountered with the first Bra.Di.P.O.
prototype (Figure 1(b)) are referred to: the pneumatic actuator position improvement; the device position adjustment on
the scanning table; the dynamics signal transmission outsideinside from the magnetic resonance chamber.
Consequently, a second prototype was designed, as also
discussed in [10]. In this second solution, the pneumatic
actuator (1) is located inside the device (Figure 2(a)) and it
is connected to a bar (2), which rotates around hinge O (3) to
move the pedals (4).
As it was found during the initial fMRI analysis with
Bra.Di.P.O., the patient’s foot movement could interfere with
the test by producing involuntary head movements.
So the device was raised as illustrated in Figure 2(b),
because this configuration reduces the transmission of movement from patient’s feet to head and solves the problem.
As the raising of the patient’s legs also requires a horizontal adjustment of the patient’s position on the scanning table
(Figure 2(c)), another pneumatic actuator was added under
the box and used as motor of a horizontal positioning system.
The final second Bra.Di.P.O. prototype is shown in Figure 3.
Moreover, the problem of a proper dynamics signal
transmission through the long tubes here used (about 10
meter), widely presented in literature [16–23] for other similar
devices and by authors in [11], was studied and already solved
in the first Bra.Di.P.O. prototype.
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Here the problem was addressed by selecting nonmagnetic commercial valves and placing them close to the
cylinder (PF and PD in Figure 4(a)).
In particular this study was carried out using commercial
software, where the layout of the circuit shown in Figure 4(b)
was designed.
In this way authors investigated the dynamics performances of Bra.Di.P.O. control circuit, in order to obtain for
the patient’s feet movement the required working frequency
(about 1 Hz). It is imposed by paradigms connected to the
human motor cortex activation.
In this numerical model, a number of parameters were
changed, in order to analyze the system’s dynamic behavior
varying pedal loads (m), working frequencies (f ), supply
pressures (𝑝𝑠 ), and duty cycles (d). The latter parameter
is very important because it directly affects the line supply/discharge time.
During simulation, parameters were varied in the following ranges: mass m = 1-2 kg, working frequency f = 0.2–
0.7 Hz, duty cycle d = 0.15; 0.25; 0.40; 0.50, and relative supply
pressure 𝑝𝑠 = 3.0∗105 ; 3.5∗105 ; 4.0∗105 Pa.
In order to validate the numerical model elaborated, an
experimental test bench was constructed and some tests were
carried out to compare experimental and theoretical results
[11].
An example of results obtained from this study is shown
in Figure 5, with 2 kg load, 3.5∗105 Pa supply pressure, 0.5 Hz
frequency, and 0.25 duty cycle [11].
These graphs illustrate a good correspondence between
theoretical and experimental results carried out in the same
test condition. In fact, varying the various parameters, the
shape and the amplitude of the signals are always good and
show a proper functioning of the numerical model elaborated
by the authors, as can be widely checked in [11].
In particular, analysing Figure 5, Pc (see also Figure 4(a))
reaches the same maximum amplitude value both in the
theoretical and experimental tests; Puf (Figure 4(a)) shows a
theoretical amplitude value lower than the experimental one;
Pud (Figure 4(a)) shows the same behaviour in both cases.
This fact is certainly due to the little errors that sometimes
occur between numerical models and experimental tests.
The main causes here considered are cylinder and valves
friction modeling and physical modeling of a long pneumatic
line. Overall results obtained are good and give possibility
to construct a final prototype and circuit working always
properly.
2.2. P.I.G.R.O. The other prototype here involved is called
P.I.G.R.O. and it is an active exoskeleton for lower limbs with
an electropneumatic control.
The literature on active lower-limb exoskeletons used for
gait rehabilitation, as discussed in [26–31], chiefly deals with
machines tethered to a fixed station. They are generally rather
rigid, heavy devices and are mostly employed for treadmill
training. These systems almost never provide ankle actuation.
By contrast, P.I.G.R.O. system is an innovative device
designed for the rehabilitation of patients with clinical problems such as hemiplegia, tetraparesis, and hemiparesis, as well
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Figure 1: (a) Bra.Di.P.O. in the magnetic resonance chamber during test. (b) Bra.Di.P.O. first prototype. (c) Bra.Di.P.O. flow chart.
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Figure 2: (a) Schematic view of the mechanism underlying the second prototype. (b) Approach used to determine Bra.Di.P.O. vertical position
regulation. (c) Horizontal movement of the patient’s lower limbs as Bra.Di.P.O. is raised.

Table 1: P.I.G.R.O. adjustments.

Pelvis width
Femur length
Tibia length

Figure 3: Second Bra.Di.P.O. prototype.

as those who have suffered strokes, ischemias, or cerebral
hemorrhages. It can also be extended to certain cases of
muscular dystrophy and degenerative motor system disease.
Figure 6 shows some details of the system.
In particular, the system (Figure 6(a)) consists of an
electropneumatically controlled active orthosis, a PC to
acquire and process data and enable the operator to manage
the session, a monitor for the operator, and a monitor for
patient biofeedback.
In Figure 6(b) an example of screenshot from the operator’s monitor during the test is shown. It is possible to notice
the six joints scopes.
In Figures 6(c), 6(d), and 6(e) examples of screenshots
from the biofeedback monitor are shown for the patient’s

10%ile
woman (mm)

95%ile man
(mm)

Regulation
range (mm)

300
330
330

650
500
500

350
170
170

hip-knee-ankle. In particular the thicker curve is the machine
reference for the patient, while the thinner curve is the
patient’s performance during the test. In the biofeedback
monitor clinicians require a thicker reference curve as range
within the patient’s performance can be checked during the
treatment.
The orthosis is a modular 6-DoF exoskeleton which can
be adapted to patients with anthropometric range between
10%ile woman and 95%ile man [24, 25], as shown in Table 1.
All DoF are in the sagittal plane, one for each lower limb joint.
Part of the orthosis structure uses spring steel so that the
system can be more readily comfortable and wearable, as well
as to allow a certain pelvic movement out of the sagittal plane
during the gait cycle.
Depending on therapeutic requirements, P.I.G.R.O. can
be used either with the patient suspended or with partial
ground contact using a body weight support. In both cases,
the body weight support is used to unload the mass of the
orthosis as well as that of the patient’s body.
As in both types of training the ankle joint actuation is essential for the patient’s motor cortex activation;
this represents an original and important characteristic of
P.I.G.R.O. [32].
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Figure 4: (a) Final electropneumatic control circuit. (b) Layout of the numerical model simulating the optimized circuit.
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Figure 5: Theoretical (left) and experimental (right) results with 2 kg load on actuator, 3.5 bar supply pressure, 0.5 Hz frequency, and 0.25
duty cycle (1 bar = 105 Pa).

In particular, the ankle joint actuation can also be
removed, leaving the patient free to move the foot independently during the treatment, if required.
In particular, overground walking was preferred to walking on treadmill as it allows the patient’s advancing in
the room and the space provides important sensations and
perceptions fundamental to rehabilitation.
The pneumatic actuators operate on the principle of
agonist/antagonist muscle pair, thus reducing weight and
bulk. The current cylinders could also be replaced with
pneumatic muscles if required.
Each leg of the orthosis is equipped with cylinder
chamber pressure sensors and position sensors, which track
joint movements for use as feedback in system control.

Supply pressure level can be regulated both to vary the
force imposed on the patient’s legs and to help the physicians’
analysis of the patient’s autonomous walking progress.
Actuation is electropneumatic but can also be implemented with electric or hydraulic actuators.
The management software is a real-time control where
input curves can be either the physiological joints behavior
of a standard gait cycle [33] or some other curves choice by
clinicians for the training.
Acquired data are sent to the PC via a 10-meter long coded
signal transmission cable, multipolar cables, or wireless
connections. The software was developed by the authors
specifically for this application. It also features an excellent
graphical interface to facilitate the operator’s work.
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(a)

(c)

(b)

(d)

(e)

Figure 6: (a) P.I.G.R.O. in a rehabilitation center. (b) P.I.G.R.O. operator’s monitor screenshot with the six joints visualized. ((c),(d), and (e))
Examples of biofeedback monitor screenshots for hip (c), knee (d), and ankle (e).

This graphical interface allows inserting all patient’s
parameters, especially the anthropometric length of the leg
and the patient’s weight. In particular patient’s mass can
influence P.I.G.R.O. movement, both as inertial effects and
human interaction with the exoskeleton. So this value is
fundamental for the control system.
P.I.G.R.O. does not exceed 30 kg in weight and it is
flexible, versatile, and easy to use.

In particular it must be underlined that this robot is not
suitable for the patient’s assistance during the day and outside
the hospital, as other auxiliary devices on the market.
In fact P.I.G.R.O. is a robotic machine designed for
neurorehabilitation training carried out in hospital structures
and by clinicians only [32].
Moreover, pneumatic actuation is intrinsically safe and
clean, gives a comfortable and soft imposed movement, and
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Figure 7: Comparison between P.I.G.R.O. input-output joints angles curves in hip (a), knee (b), and ankle (c).

allows changing forces on patient’s legs operating on the
supply pressure level.
Figures 7(a), 7(b), and 7(c) show P.I.G.R.O. behavior
comparing, during an experimental test, input and output
curves for each joint angle. This test was carried out on a
healthy subject with a weight of about 70 kg. In particular the
graphs referred to a gait cycle of 3 s, analyzed after the initial
transient state and to the left patient’s leg for simplicity.
These results underline the proper functioning of the
system, as the amplitude and the shape of P.I.G.R.O. input
curves (control position) and output curves (feedback of the
system) are always in full agreement. In particular the small
delay between input and output curves is due to the few
interactions that anyway occur between a passive conscious
subject and a robotic imposed movement.
Finally, the main innovations of this new prototype [32]
in comparison with the previous ones [7, 8, 12] are here
underlined.
An important improvement of the human-machine interface design was carried out by authors, studying and testing
innovative, ergonomic, and comfortable textiles structures.
A new electric solution, with its own separate emergency
switch, was realized for the pelvic adjustment, improving
robot wearability and safety.

The control system emergencies were finally defined in
three modes: from software; with a pneumatic button; with
a patient’s button.
An innovative real-time control system was designed, in
order to substitute the previous one, based on two PC (master
and slave).
P.I.G.R.O. management software was fully reviewed and
improved.
In particular, the software is now capable: to slowly
start the gait cycle, in order to avoid an initial strong and
sudden movement imposed on the patient’s legs; to discharge
all electro-pneumatic valves, if some emergency situations
occur or during the pause required in the training; to stop
pneumatic actuators in pressure, when clinicians check the
patient’s cognitive status.
Furthermore, supply pressure, for one leg or both, can be
changed by the operator during the treatment, automatically
saving, in a proper patient’s memo block, the time of this
action and the new pressure level.
A graphical user-friendly interface was designed, in full
agreement with clinicians’ requirements.
2.3. Comparison of the Two Devices. The main characteristics
of the two devices here presented are summarized in Table 2.
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Table 2: Technical features of the two prototypes.

Bra.Di.P.O.
Nonmagnetic materials and controls
Versatile hardware and software
Minimal invasiveness
Easily used emergency controls for operator and patient
Remotely located electrical parts
Adjustable to patient body measurements
User-friendly graphical interface
Feet can be moved singly or simultaneously in active or passive mode
Good wearability

P.I.G.R.O.
Versatile hardware and software
Good wearability
Minimal invasiveness
Applicable to many clinical situations
Low weight
Can also be used in the water
Can be used for both suspended and overground walking
User-friendly graphical interface
Easily used emergency controls for operator and patient

Figure 8: Motor training using P.I.G.R.O.

Both Bra.Di.P.O. and P.I.G.R.O. have a good wearability,
proper and original management software, and a useful
graphical user-friendly interface.
They allow repeating exactly each treatment, to save data,
to help and improve the physiotherapist’s work.
They are versatile and allow testing and establishing
innovative procedure useful for the neurorehabilitation and
for the human brain motor cortex study.
The clinical application of these two devices consists
of combination of locomotor and cognitive training here
preliminarily carried out with healthy subjects, using fMRI
to measure changes in plasticity both at the level of the motor
cortex and in motor imagery tasks [34, 35].

3. Material and Methods
3.1. Subjects. Five healthy volunteers (Figure 8) (3 women
and 2 men; age range = 20–23, mean age = 22 years) took
part in the experiment. All subjects were tested and were
found to have a sufficient ability to form visual and motor
images. Exclusion criteria included history of neurological
or developmental illness, mental disorders, drug or alcohol
abuse, and current use of medications known to alter neurological activity. All subjects gave informed written consent.
The fMRI study was performed at the Koelliker Hospital in
Torino (Italy).

3.2. Training. Subjects performed the training tasks using a
robotic device (P.I.G.R.O.; see below for a description). The
training session consisted of two runs. Each run included
active and passive phases. During passive phases, subjects
kept their eyes closed and were asked to accommodate
movements imposed by the robotic device and to focus on
kinesthetic perception. Movements consisted of a sequence
of ankle dorsi- and plantarflexions; movements differed in
rhythm and speed for the two feet. In the active phase, pressure in the device decreased and subjects had to reproduce
the movements learned in the focusing phase, with the same
amplitude and speed. Each phase lasted five minutes. The
findings from the motor imagery tasks will be discussed
below.
3.3. fMRI Assessment. fMRI assessment made use of a motor
and motor imagery task: subjects were required to perform
ankle dorsiflexion and plantarflexion. In the second session,
subjects were required to imagine the same movement.
Complete dorsiflexion/plantarflexion cycles should occur
with a frequency of about 0.5 Hz. The task was performed
using Bra.Di.P.O. Paradigms were performed using a block
design with 12 s of rest alternating with 12 s of the active
condition. Each paradigm consisted of a total of 25 blocks (13
rest conditions, 12 active conditions); 4 functional volumes
were scanned during each block; each paradigm lasted 5 min.
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Figure 9: Pre- and posttraining differences in the motor imagery task.
Table 3: Talairach coordinates of activations in the motor imagery task.
𝑋
coor

𝑌
coor

𝑍
coor

20.0
5.0

1.0
61.0

51.0
12.0

𝑡

𝑃

Location

4.613.314 0.000004 Right cerebrum Frontal lobe
Subgyral
Gray matter Brodmann area 6
6.094.687 0.000000 Right cerebrum Frontal lobe Medial frontal gyrus Gray matter Brodmann area 10

3.4. Image Acquisition. Data acquisition was performed on
a 1.5 Tesla scanner, optimized for functional imaging. Functional images were acquired using echo planar sequences,
with a repetition time (TR) of 3000 ms, an echo time (TE)
of 60 ms, and a 90∘ flip angle. The acquisition matrix was 64
× 64; the field of view (FoV) was 256 mm. For each paradigm,
a total of 100 volumes were acquired. Each volume consisted
of 25 axial slices, parallel to the anterior-posterior (AC-PC)
commissure line and covering the whole brain.

4. Results and Discussion
Imaging data were analyzed using the scanner described
above.
After preprocessing, a series of steps were performed
in order to allow for precise anatomical locations of brain
activity to facilitate intersubject analysis. First, each subject’s
slice-based functional scans were coregistered with their 3D
high-resolution structural scan. This process involved mathematical coregistration exploiting slice positioning stored in
the headers of the raw data, as well as fine adjustments that
were computed by comparing the data sets on the basis of
their intensity values: if needed, manual adjustments were
also performed. Second, each subject’s 3D structural data set
was transformed into a Talairach space, as discussed in [36]:
the cerebrum was translated and rotated into the anteriorposterior commissure plane and then the borders of the cerebrum were identified. Third, using the anatomical-functional
coregistration matrix and the determined Talairach reference
points, each subject’s functional time course was transformed
into a Talairach space and the volume time course was
created. For the motor paradigm, the following procedure
was performed. A multisubject multistudy design matrix
was specified and each defined box-car was convolved with

a predefined Hemodynamic Response Function (HRF) to
account for the hemodynamic delay, as discussed in [37].
A statistical analysis using the general linear model with
separate study predictors was performed on the group to
yield functional activation maps during the pre- and posttests
separately. All voxels activated in the pretest and those
activated in the posttest were combined to create a mask
excluding the rest of the cerebrum and cerebellum.
This mask was used to compute the general linear model
comparing posttest activations with pretest activations in the
group of subjects, since the same data set was used for mask
definition and subsequent statistical tests.
A comparison of imaging data obtained before and after
training revealed activations in motor imagery task, that is,
posttest increased hemodynamic responses, in right frontal
gyrus, including supplementary motor area and right medial
frontal gyrus (see Figure 9 and Table 3).
Figure 9 illustrates some selected fMRI results, showing
differences before and after training with P.I.G.R.O. in the
motor imagery task.
They suggest a cortical reorganization in motor areas,
such as the supplementary motor area, precuneus, and
cerebellum, after training which may show the effect of
rehabilitation on the reorganization of somatotopic maps.
The passive stimulation (Bra.Di.P.O. in “active mode”),
as expected, shows a robust sensorimotor, supplementary
motor, and cerebellar activity plus some temporal and parietal
clusters. The mean time course shows that the activity in this
area is strongly correlated with the stimulation paradigm.
The active stimulation (Bra.Di.P.O. in “passive mode”) is
less affected by head motion noise and shows a less robust
sensorimotor and supplementary motor activity and a cerebellar activation plus some thalamic, frontal, and cingulated
clusters. The mean time span shows that the activity in this
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area is less correlated with the stimulation paradigm and with
motion parameters.
The main finding was an increment of activation in
motor areas. Indeed, the right medial frontal gyrus has
been linked to memory retrieval and executive functions. In
particular, it has been supposed to mediate attention between
external stimuli and the internally maintained intention,
that is, between stimulus-oriented and stimulus-independent
processing, as discussed in [38].
This training required the subject to alternate attention
from foot perception and position to the inputs provided by
P.I.G.R.O. and vice versa. As far as the premotor areas are
concerned, according to Fried et al. (1991), as discussed in
[39], supplementary and presupplementary motor areas are
linked with the intention and anticipation of the action, as
discussed in [40].
Overall, fMRI images are clear and unaffected by the
presence of the prototype in the resonance chamber. The
results also allow understanding the suitability of the method
here used with the presented device.

5. Conclusions
This research studies a locomotor and cognitive training
using two mechatronics prototypes. In particular the authors
investigate the circuits involved in motor imagery and motor
learning at the level of brain plasticity in both healthy subjects
and brain-damaged patients in the future.
The experiment was conducted on healthy subjects to
assess the possibility of brain reorganization after locomotor
training. Sensorimotor training is provided thanks to robotic
prototypes developed at the Department of Mechanical and
Aerospace Engineering, Politecnico di Torino.
Cognitive training consists of a set of motor imagery
tasks. Changes in cortical organization are assessed using
functional magnetic resonance imaging (fMRI), which allows
the mapping of active processes within the brain, thus
revealing the cerebral areas involved in a particular task.
In the future, various clinical tests on patients shocked by
ictus and brain event will be carried on using P.I.G.R.O.
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A current trend in robotics is fusing different types of sensors having different characteristics to improve the performance of a
robot system and also benefit from the reduced cost of sensors. One type of robot that requires sensor fusion for its application
is the service robot. To achieve better performance, several service robots are preferred to work together, and, hence, this paper
concentrates on swarm service robots. Swarm service mobile robots operating within a fixed area need to cope with dynamic
changes in the environment, and they must also be capable of avoiding dynamic and static obstacles. This study applies sensor
fusion and swarm concept for service mobile robots in human services and rehabilitation environment. The swarm robots follow
the human moving trajectory to provide support to human moving and perform several tasks required in their living environment.
This study applies a reference control and proportional-integral (PI) control for the obstacle avoidance function. Various computer
simulations are performed to verify the effectiveness of the proposed method.

1. Introduction
A current trend in robotics is fusing different types of sensors
having different characteristics to improve the performance
of the robot system and also benefit from the reduced cost of
sensors. Sensor fusion is a combination of sensory data that
has inherent redundancy and may provide robust recognition
of a robot’s working environment [1–3].
A service robot, which operates either semi- or fully
autonomously to perform services useful to human wellbeing (excluding manufacturing operations [4–9]), requires
sensor fusion to enable it to recognize the environment
because it is expected to work in dynamic environments such
as human living environment.
One of the applications of service robots is rehabilitation
environment. The primary objectives of the rehabilitation
robots are to either fully or partially perform tasks that benefit
the disabled people and support a rehabilitee’s manipulative function [10–12]. Conventional, rehabilitation programs
relied heavily on the experience and manual manipulation of
the rehabilitator. Because rehabilitation must be conducted

carefully and the number of rehabilitee continues to increase,
a well-designed service robot may prove effective in providing
the support required for careful rehabilitation.
Although most service robots developed thus far are
based on a single robot application, to provide better service,
multiple service robots working together to create a swarm
robot team are preferred, particularly for human services
and rehabilitation purposes. The swarm robot may not only
support the rehabilitee’s movement but also conduct various
tasks such as collecting or transporting certain objects during
rehabilitation.
A swarm service mobile robot operating in the human
living environment needs to cope with its dynamic changes.
Hence, the fundamental function of the robot is to avoid
static and dynamic obstacles. Particularly, mobile robots in
the swarm team must maintain their velocity and avoid
collisions with other swarm mates [13–20]. Existing studies
have employed proximity [14] and vision sensors [17, 21]
for swarm robot obstacle avoidance and the radio frequency
identification (RFID) for localization and navigation purposes [21–24].
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This study presents the collision avoidance control for
swarm robots moving in a dynamic environment of moving
obstacles. A method is presented for sensor fusion to achieve
motion in the dynamic environment. The proposed method
combines the information obtained by several proximity
sensors, an image sensor, and localization sensors (RFID
system). This study applies a leader-follower formation in
which the swarm robot team has a leader robot that follows
the rehabilitee, while the other robots follow the leader
robot. The robot controllers comprise a reference and PI
controller. The reference controller generates a robot motion
trajectory by referring to sensor information in real-time,
and the PI controller makes the robots follow the generated
motion trajectory. Various simulation results, which assume
the presence of several static and dynamic obstacles in the
human living environment, demonstrate the effectiveness of
the proposed design.
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Figure 1: Two-wheeled mobile robot.

2. Mobile Robots Dynamics
This study considers a typical two-wheeled differential-drive
mobile robot for swarm robots as shown in Figure 1. Notations for Figure 1 and the following equations are given at the
end of this section.
The dynamics of the mobile robot are given by
𝐼𝜙 ̈= (𝐷𝑟 − 𝐷𝑙 ) 𝐿,

(1)

𝑀V̇= 𝐷𝑟 + 𝐷𝑙 .

(2)

The translational and angular velocity and acceleration of
the mobile robot are represented by the following equations:
V=

𝑅 ̇ ̇
(𝜃 + 𝜃𝑙 ) ,
2 𝑟

𝑅 ̇ ̇
𝜙 ̇=
(𝜃 − 𝜃𝑙 ) ,
2𝐿 𝑟

V̇=

𝑅 ̈ ̈
(𝜃 + 𝜃𝑙 ) ,
2 𝑟

𝑅 ̈ ̈
𝜙 ̈=
(𝜃 − 𝜃𝑙 ) .
2𝐿 𝑟

𝐽𝜃𝑙̈+ 𝐶𝜃𝑙̇= 𝐾𝑉𝑙 − 𝑅𝐷𝑙 .

𝑀: mass of the robots
𝐶: damping coefficient
𝜏𝑢 , 𝐹𝑢 : torque and force applied to the robot to follow the
rehabilitee or the leader robot
𝜙: heading angle of the robots
𝜙,̇V: angular and translational velocities of the robots
𝜙,̈V:̇ angular and translational acceleration of the robots
𝐷𝑟 , 𝐷𝑙 : driving forces for the right and left wheels
𝐿: half width of the robots
𝜃𝑟 , 𝜃𝑙 : angles of the right and left wheels
𝜃̇, 𝜃̇: angular velocity of the right and left wheels
𝑟

𝑙

𝜃𝑟̈, 𝜃𝑙̈: angular acceleration of the right and left wheels
𝜓: angle between the proximity sensors

(4)

Substituting (1)–(3) into (4), we obtain the state equations as
2𝐶
0
[− 𝑀𝑅2 + 2𝐽 0
] V
V̇
[
]
̇ = [
[𝜙 ]
] [𝜙 ]
0
0
1
[
]
2
[
] 𝜙̇
̈
2𝐶𝐿
[𝜙 ]
[ ]
0
0 − 2
2
𝐼𝑅 + 2𝐽𝐿 ]
[
𝐾𝑅
𝐾𝑅
[ 𝑀𝑅2 + 2𝐽 𝑀𝑅2 + 2𝐽 ]
[
]
[
] 𝑉𝑟
0
0
[
][ ].
+[
] 𝑉𝑙
[ 𝐾𝐿𝑅
𝐾𝐿𝑅 ]
[
]
−
𝐼𝑅2 + 2𝐽𝐿2 𝐼𝑅2 + 2𝐽𝐿2
[
]

𝐼: moment of inertia of the robots around the center of
gravity

(3)

The motor dynamics of the right and left wheels are given by
𝐽𝜃𝑟̈+ 𝐶𝜃𝑟̇ = 𝐾𝑉𝑟 − 𝑅𝐷𝑟 ,

The notations used in Figure 1 and (1)–(5) are given as follows:

𝑑𝑖 : distance data retrieved from proximity sensors and a
vision sensor (𝑖 = 0, 1, 2, 3)
𝐽: moment of inertia of motors
𝑟, 𝑙, 𝑡: index for right, left, and time, respectively
𝑉𝑟 , 𝑉𝑙 : input voltage to the left and right wheels
𝐾: driving gain of the motor
𝑅: wheels radius.

(5)

3. Controller Design
This study applies a reference and PI controller for collision
avoidance as shown in Figure 2. The reference controller
generates a reference trajectory for the leader and follower
robots, and the PI controller makes the robots follow the
reference trajectory of the leader.
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Figure 2: Block diagram of proposed control system.

3.1. Reference Controller Design. The environmental information required to create the reference trajectory is provided
by fusing multiple sensors: a Kinect sensor, four proximity
sensors, and an RFID system. We assume that the RFID
system indicates the position of the rehabilitee. The RFID tag
attached to the rehabilitee is read by the RFID reader that is
attached to the leader, and this helps the leader in tracking
and following the rehabilitee by identifying his/her position.
The RFID tag is also attached to the leader whose signal is
read by the follower, so that it also can track and follow the
leader.
Human position is the goal position for the robots. In
this study, human position is assumed to be given from the
RFID system, and robots follow the human trajectory as the
reference trajectory.
When there is no obstacle on the way from the initial
position to the goal position, the input torque and force for
the robot in (1) and (2), 𝜏𝑢 and 𝐹𝑢 , are given as follows:
𝜏𝑢 = 𝐼𝜙𝑑̈,
𝐹𝑢 = 𝑀V̇𝑑 ,

𝑀V̇𝑑 (𝑡) + 𝐶V V𝑑 (𝑡) = 𝐹𝑢 − 𝐹1 − 𝐹2 ,

𝜏1 = sgn (V) 𝛼1 ( ∑ 𝑠 (𝑑𝑖 ) − ∑ 𝑠 (𝑑𝑖 )) ,
𝑖=0,1

𝑖=2,3

𝜏2 = 𝛼2 ( ∑ 𝑠 (𝑑𝑖 ) − ∑ 𝑠 (𝑑𝑖 )) ,
𝑖=0,2

𝑖=1,3

(6)

where 𝜙𝑑̈ is the desired rotational acceleration and V̇𝑑 is the
desired translational acceleration. They are obtained from the
reference (human) trajectory.
The control algorithm for the leader and the follower is
the same. The existence of obstacles creates virtual torques
and forces (𝜏1 , 𝜏2 , 𝐹1 , and 𝐹2 ) to the dynamics of mobile
robots.
Therefore, in the environments where the presence of
several static and dynamic obstacles is assumed, we consider
the following reference model to generate the reference
trajectory:
𝐼𝜙𝑑̈(𝑡) + 𝐶𝜙 𝜙𝑑̇ (𝑡) = 𝜏𝑢 + 𝜏1 + 𝜏2 ,

mobile robots in (7). The virtual torques and forces are
calculated by considering the fused data input from the
Kinect sensor, proximity sensors, and the RFID system, as
shown in Figure 2.
Torques 𝜏1 and 𝜏2 are designed for collision avoidance
and ensuring that the robots move parallel to the virtual
wall of the passages, respectively. The force 𝐹1 provides the
deceleration effect based on the distance of robots to the
obstacles, and 𝐹2 provides the deceleration effect based on
the approaching speed of dynamic obstacles. These four
parameters are used to adjust the magnitude of the virtual
external force/torque and are calculated as shown below

(7)

where 𝐶𝜙 , 𝐶V : virtual damping coefficient and 𝜏𝑖 , 𝐹𝑖 : virtual
torque and force to avoid collision (𝑖 = 1, 2).
Although damping coefficients are not considered in (1)
and (2) because they are normally small, 𝐶𝜙 and 𝐶V are
included in (7) to ensure the stable motion of the robot.
The reference trajectories are created by adding virtual
torques and forces (𝜏1 , 𝜏2 , 𝐹1 , and 𝐹2 ) to the dynamics of

(8)

𝐹1 = 𝛽1 ( ∑ 𝑠 (𝑑𝑖 )) ,
𝑖=1,2

𝐹2 = 𝛽2 ( ∑ min (𝑑𝑖̇, 0)) ,
𝑖=1,2

where sgn(V): sign function of the translational velocity of
the robots, 𝛼𝑖 , 𝛽𝑖 : adjusted constants to provide the effective
collision avoidance (𝑖 = 1, 2), 𝑑𝑖̇: time derivative of the distance 𝑑𝑖 to obstacles, which corresponds to the approaching
robot’s speed to the obstacles, and 𝑠(𝑑𝑖 ): shape function that
represents the relationship between the virtual external force
and distance to the obstacles; the shape function is 0 when
𝑑𝑖 ≥ 𝑑max and is 1 when 𝑑𝑖 = 0.
The shape function of the distance in Figure 3 is designed
as follows:
𝑠 (𝑑𝑖 ) = 1,

if 𝑑𝑖 < 𝑑,
2

{ (𝑑𝑖 − 𝑑) }
1
𝑠 (𝑑𝑖 ) = [exp {−
− 𝑏] ,
𝑎
2𝜎2 }
[
}
]
{

if 𝑑 < 𝑑𝑖 < 𝑑max ,
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Figure 3: Shape function of the distance.

𝑠 (𝑑𝑖 ) = 1,

D

if 𝑑𝑖 > 𝑑max ,
(9)
2

𝑏 = exp (−

(𝑑max − 𝑑)
2𝜎2

),

𝑎 = 1 − 𝑏,

(10)

where 𝜎, 𝑑: design parameters for defining the shape function
of the virtual external force and 𝑑max : maximum distance that
can be measured by the sensor.
The virtual external force/torque increases as the distance
of the obstacle decreases. The virtual external force will be
zero when the distance of the robot from the obstacle is
greater than 𝑑max , which is a design parameter according to
the sensor specification.

Figure 4: Stability analysis model.

Figure 4; the objective of this arrangement is to investigate the
effect of the walls to the robot in order to confirm the stability
of the robot system.
The distance from the sensors to the walls in Figure 4 is
given by
𝑑0 =

𝑊 + 𝐿 − 𝑥𝑠
− 𝐿 + 𝐿 tan 𝜙𝑠 ,
cos 𝜙𝑠

3.2. PI Controller Design and Dynamics for Simulation. The PI
controller is employed to make the robots follow the desired
trajectory. In this study, the PI controller is employed by
calculating the difference between the desired and actual
velocities. Consider

𝑑1 =

𝐷 + 𝐿 − 𝑦𝑠
− 𝐿 tan 𝜙𝑠 − 𝐿,
cos 𝜙𝑠

𝑑2 =

𝐷 + 𝐿 − 𝑦𝑠
+ 𝐿 tan 𝜙𝑠 − 𝐿,
cos 𝜙𝑠

̇ − 𝜃̇) + 𝐾 ∫ (𝜃̇ − 𝜃̇) 𝑑𝑡,
𝐾𝑉𝑟 = 𝐾𝑝 (𝜃𝑟𝑑
𝑟
𝐼
𝑟𝑑
𝑟

𝑑3 =

𝑊 + 𝐿 + 𝑥𝑠
− 𝐿 − 𝐿 tan 𝜙𝑠 ,
cos 𝜙𝑠

̇ − 𝜃̇) + 𝐾 ∫ (𝜃̇ − 𝜃̇) 𝑑𝑡.
𝐾𝑉𝑙 = 𝐾𝑝 (𝜃𝑙𝑑
𝑟
𝐼
𝑙𝑑
𝑟

(11)

̇ , 𝜃̇ ) for the right and left wheels
The reference velocities (𝜃𝑟𝑑
𝑙𝑑
are calculated by
̇ =
𝜃𝑟𝑑

V𝑑 + 𝐿𝜙𝑑̇
,
𝑅

̇
̇ = V𝑑 − 𝐿𝜙𝑑 ,
𝜃𝑙𝑑
𝑅

(12)

̇ , 𝜃̇ : reference velocities for the right and left
where 𝜃𝑟𝑑
𝑙𝑑
wheels, V𝑑 , 𝜙𝑑̇: desired translational and angular velocity, 𝐾𝑝 :
proportional gain, and 𝐾𝐼 : integral gain.
The PI control system design for simulation is presented
in Appendix A.
3.3. Stability Analysisy. This study considers the case where
the robot is situated inside four walls space as shown in

(13)

where 𝑊, 𝐷: distance from the mobile robot to the wall,
𝑥𝑠 , 𝑦𝑠 : centre position of the robot, and 𝜙𝑠 : robot orientation.
The shape function in (9) is approximated as follows:
2

{ (𝑑0 − 𝑑) }
1
𝑠 (𝑑0 ) = [exp {−
− 𝑏]
𝑎
2𝜎2 }
[
}
]
{
2

{ (𝑊 − 𝑑) }
1
≅ [exp {−
− 𝑏]
𝑎
2𝜎2 }
[
}
]
{
2

{ (𝑊 − 𝑑) }
𝑊−𝑑
− 2𝐿
exp {−
𝜙
2
𝑎𝜎
2𝜎2 } 𝑠
}
{
2

{ (𝑊 − 𝑑) }
𝑊−𝑑
+
exp {−
𝑥
2
𝑎𝜎
2𝜎2 } 𝑠
}
{
= 𝑠𝑊 − 𝐿𝑝𝑊𝜙𝑠 + 𝑝𝑊𝑥𝑠 ,

(14)

Journal of Robotics

5

where 𝑠𝑊 and 𝑝𝑊 are constants for stability analysis and
given by
2

{ (𝑊 − 𝑑) }
1[
exp {−
− 𝑏] ,
𝑎
2𝜎2 }
[
{
}
]

𝑠𝑊 =

(15)

2

{ (𝑊 − 𝑑) }
𝑊−𝑑
exp {−
,
𝑝𝑊 =
2
𝑎𝜎
2𝜎2 }
{
}

(16)

{
}
𝐼𝜙 ̈+ 𝐶𝜙 𝜙 ̇= 𝜏𝑢 + sgn (V0 ) 𝛼1 { ∑ 𝑠 (𝑑𝑖 ) − ∑ 𝑠 (𝑑𝑗 )}
𝑗=2,3
{𝑖=0,1
}

{ (𝑑1 − 𝑑) }
1[
exp {−
− 𝑏]
𝑎
2𝜎2 }
[
}
]
{

𝐼𝜙 ̈+ 𝐶𝜙 𝜙 ̇= 𝜏𝑢 − 2 [sgn (V0 ) 𝛼1 {𝐿𝑝𝑊 − 𝐿𝑝𝐷}
+ 𝛼2 {𝐿𝑝𝑊 − 𝐿𝑝𝐷}] 𝜙𝑠

2

{ (𝐷 − 𝑑) }
1
≅ [exp {−
− 𝑏]
𝑎
2𝜎2 }
}
]
[
{
2

{ (𝐷 − 𝑑) }
𝐷−𝑑
+𝐿
exp
{− 2𝜎2 } 𝜙𝑠
𝑎𝜎2
}
{

(17)

By notating that
𝑄 = sgn (V0 ) 𝛼1 {𝐿𝑝𝑊 − 𝐿𝑝𝐷} + 𝛼2 {𝐿𝑝𝑊 − 𝐿𝑝𝐷} ,

(23)

we have the following dynamics from (22):

2

𝐼𝜙 ̈+ 𝐶𝜙 𝜙 ̇= 𝜏𝑢 − 2𝑄𝜙𝑠 + sgn (V0 ) 2𝛼1 𝑝𝑊𝑥𝑠
+ 2𝛼2 𝑝𝑊𝑥𝑠 .

= 𝑠𝐷 + 𝐿𝑝𝐷𝜙𝑠 + 𝑝𝐷𝑦𝑠 ,

(24)

From Figure 4, we have

where 𝑠𝐷 and 𝑝𝐷 are constants for stability analysis and given
by
2

{ (𝐷 − 𝑑) }
1
𝑠𝐷 = [exp {−
− 𝑏] ,
𝑎
2𝜎2 }
[
}
]
{
2

(18)

{ (𝐷 − 𝑑) }
𝐷−𝑑
exp {−
.
2
𝑎𝜎
2𝜎2 }
}
{

(19)

2

≅ 𝑠𝑊 + 𝐿𝑝𝑊𝜙𝑠 − 𝑝𝑊𝑥𝑠 ,
where 𝑑 < 𝑊 < 𝑑max and 𝑑 < 𝐷 < 𝑑max are assumed.

𝑧̇= 𝐴 𝜙 𝑧 + 𝜏𝑢 ,

(26)

(27)

The determinant det(𝑠𝐼 − 𝐴 𝜙 ) is given by

≅ 𝑠𝐷 − 𝐿𝑝𝐷𝜙𝑠 + 𝑝𝐷𝑦𝑠 ,
{ (𝑑3 − 𝑑) }
1[
exp {−
− 𝑏]
𝑎
2𝜎2 }
[
}
]
{

(25)

where 𝜙𝑠 is the orientation of robot in Figure 4 and considered to have small magnitude to analyse the stability in a
typical linear manner.
𝑇
Notating that 𝑧 = [𝜙𝑠 𝜙𝑠̇ 𝑥𝑠 ] , we have

0
1
0
[ 2𝑄 𝐶𝜙 sgn (V0 ) 2𝛼1 𝑝𝑊 + 2𝛼2 𝑝𝑊 ]
[
]
−
𝐴 𝜙 = [−
].
𝐼
𝐼
[ 𝐼
]
0
0
−V
[ 0
]

2

{ (𝑑2 − 𝑑) }
1
𝑠 (𝑑2 ) = [exp {−
− 𝑏]
𝑎
2𝜎2 }
[
}
]
{

𝑥𝑠̇ = −V0 sin 𝜙𝑠 ,

where 𝐴 𝜙 is a matrix derived from (24) as follows:

In a similar manner, we have

𝑠 (𝑑3 ) =

(22)

+ sgn (V0 ) 2𝛼1 𝑝𝑊𝑥𝑠 + 2𝛼2 𝑝𝑊𝑥𝑠 .

{ (𝐷 − 𝑑) }
𝐷−𝑑
+
exp
{− 2𝜎2 } 𝑦𝑠
𝑎𝜎2
}
{

𝑝𝐷 =

(21)

{
}
+ 𝛼2 { ∑ 𝑠 (𝑑𝑖 ) − ∑ 𝑠 (𝑑𝑗 )} ,
𝑗=1,3
{𝑖=0,2
}
where V0 is the velocity of the robot.
Substituting (14), (17), (19), and (20) into (21) results in

2

𝑠 (𝑑1 ) =

Considering the dynamics in (1) and related equations, we
have

𝐶𝜙 2 2𝑄
2𝛼 𝑝 + 2𝛼2 𝑝𝑊  


𝑠𝐼 − 𝐴 𝜙  = 𝑠3 +
𝑠 +
𝑠+ 1 𝑊
V0  .


𝐼
𝐼
𝐼

(28)

Because 𝑝𝑤 is positive, if the conditions below are satisfied,
(20)

𝑄 > 0,
𝐶𝑄
 
− 𝛼1 𝑝𝑊 V0  > 0,
𝐼
then the system in (26) is stable [25].

(29)
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Figure 5: The initial condition of the human living environment.

Next, we consider the translational motion of mobile
robots. Considering (2) and related equations, we have
𝑀V̇(𝑡) + 𝐶V V (𝑡)
= 𝐹𝑢 − 𝛽1 ( ∑ 𝑠 (𝑑𝑖 )) − 𝛽2 ( ∑ min (𝑑𝑖̇, 0)) .
𝑖=1,2

(30)

the simulation result of the Kinect sensor application. The
simulation was conducted by taking the distance data input
from real Kinect sensor detecting approaching human. The
distance data is also compared with that from the proximity
sensors. The application of Kinect sensor in Figure 6 shows
that when the passing human approaches the robots and the
distance from the robot to the human is smaller than the
allowed distance, the robots stop when the dwelling period
reaches approximately 1500 s.
Figure 7 shows the computer simulation screenshot, and
Figure 8 shows the simulation results that demonstrate the
effectiveness of the proposed system. Figure 7(a) shows the
rehabilitee moving between tables. Figure 7(b) shows the
environment in which the rehabilitee moves randomly.
In Figure 8, the green, red, and blue lines are trajectories of the rehabilitee, leader, and follower, respectively. In
Figure 8(a), when the rehabilitee walks between tables, some
ripples occur for obstacle avoidances. Figure 8(b) shows the
result in random setup, in which more ripples are shown.
In all these cases, the swarm robots successfully follow the
rehabilitee while avoiding obstacles.

𝑖=1,2

5. Conclusion

Substituting (14), (17), (19) and (20) into (30) results in
𝑀V̇𝑠 (𝑡) + 𝐶V V𝑠 (𝑡) = 𝐹𝑢 −2𝛽1 𝑝𝐷𝑦𝑠 − 2𝛽2 𝑦𝑠̇.

(31)

𝑦𝑠̇ = V𝑠 (𝑡)

(32)

From

and notating that 𝑧 = [𝑦𝑠 𝑦𝑠̇]𝑇 , we have
𝑧̇= 𝐴 V 𝑧 + 𝐹𝑢 ,

(33)

where 𝐴 V is a matrix derived from (31) as follows:
0
1
𝐴 V = [ 2𝛽1 𝑝𝐷 𝐶V + 2𝛽2 ] .
−
−
𝑀
𝑀 ]
[

(34)

The determinant det(𝑠𝐼 − 𝐴 V ) is
𝐶V + 2𝛽2
2𝛽 𝑝


2
𝑠 + 1 𝐷.
𝑠𝐼 − 𝐴 V  = 𝑠 +
𝑀
𝑀

This study presents the design of a collision avoidance control
system for swarm robots moving in an environment that
includes moving obstacles. The swarm robots follow the
rehabilitee to provide support in performing his/her tasks in
a dynamic environment. This study applies a reference and
PI controller. The reference controller creates the reference
trajectory for the PI controller based on the fused sensor
information obtained from the Kinect, proximity sensors and
RFID system. The obstacle avoidance trajectory is generated
by the reference controller, and the stability of the overall
system is analytically verified. Various computer simulations
are performed to verify the effectiveness of the proposed
method. The rehabilitee was successfully followed by the
swarm robots in all situations.

Appendices
(35)

If 𝑝𝐷, 𝛽1 , 𝛽2 > 0, the system in (33) is stable [25].

A. PI Control System Design for Simulation
We apply the PI controller to (4), and the following dynamics
are obtained:

4. Simulation Results
Computer simulations were performed to verify the effectiveness of the proposed method. Figure 5 shows the initial
condition of the human living environment in which several
static and dynamic objects exist. It includes tables low enough
for the rehabilitee to step over, although these tables are
considered to be static obstacles for robots. The passing
humans are considered to be the dynamic obstacles that have
to be avoided by the robots.
This simulation applies the Kinect sensor to enable the
robot to “see” static and dynamic obstacles. Figure 6 shows

̇ − 𝜃̇) + 𝐾 ∫ (𝜃̇ − 𝜃̇) 𝑑𝑡 − 𝑟𝐷 ,
𝐽𝜃𝑟̈+ 𝐶𝜃𝑟̇ = 𝐾𝑝 (𝜃𝑟𝑑
𝑟
𝐼
𝑟𝑑
𝑟
𝑟
̇ − 𝜃̇) + 𝐾 ∫ (𝜃̇ − 𝜃̇) 𝑑𝑡 − 𝑟𝐷 ,
𝐽𝜃𝑙̈+ 𝐶𝜃𝑙̇= 𝐾𝑝 (𝜃𝑙𝑑
𝑙
𝐼
𝑙𝑑
𝑙
𝑙
(A.1)

̇ and 𝜃̇ are reference velocities for right and left
where 𝜃𝑟𝑑
𝑙𝑑
wheels.
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Figure 6: Simulation result of the Kinect sensor application.

(a)

(b)

Figure 7: Computer simulation screenshot assuming several static and dynamic obstacles in the human living environment.

Substituting (1)–(3) into (A.1) results in

Similarly, we have the following dynamics for the left wheel:

𝐾𝑝

𝐽
𝐶
̇
(V̇+ 𝐿𝜙)̈ + (V + 𝐿𝜙)̇ =
{(V𝑑 + 𝐿𝜙𝑑̇) − (V + 𝐿𝜙)}
𝑟
𝑟
𝑟
+ 𝐾𝐼 𝑆𝑟 −

𝑟
𝐼 ̈
,
{𝑀V̇+ 𝜙}
2
𝐿
(A.2)

(

𝐽 𝑀𝑟
𝐽𝐿 𝐼𝑟
+
) V̇− ( + ) 𝜙 ̈
𝑅
2
𝑅 2𝐿
=−

𝐿
1
(𝐶 + 𝐾𝑝 ) V + (𝐶 + 𝐾𝑝 ) 𝜙 ̇
𝑅
𝑅

+ 𝐾𝐼 𝑆𝑙 +

𝐾𝑝
𝑟

V𝑑 −

𝐾𝑝
𝑟

𝐿𝜙𝑑̇,

̇ − 𝜃̇) 𝑑𝑡.
𝑆𝑙 = ∫ (𝜃𝑙𝑑
𝑙

where 𝑆𝑟 is the integral of the tracking error given by

(A.5)

(A.6)

Equations (A.4) and (A.5) give
̇ − 𝜃̇) 𝑑𝑡.
𝑆𝑟 = ∫ (𝜃𝑟𝑑
𝑟

(A.3)

Substituting (A.3) into (A.2), we have

(

𝐿
1
[− 𝑅 (𝐶 + 𝐾𝑝 ) − 𝑅 (𝐶 + 𝐾𝑝 )] V
][ ]
=[
] 𝜙̇
[ 1
𝐿
− (𝐶 + 𝐾𝑝 )
(𝐶 + 𝐾𝑝 )
]
[ 𝑅
𝑅

𝐽 𝑀𝑟
𝐽𝐿 𝐼𝑟
+
) V̇+ ( + ) 𝜙 ̈
𝑅
2
𝑅 2𝐿
=−

𝐿
1
(𝐶 + 𝐾𝑝 ) V − (𝐶 + 𝐾𝑝 ) 𝜙 ̇
𝑅
𝑅

+ 𝐾𝐼 𝑆𝑟 +

𝐾𝑝
𝑅

V𝑑 +

𝐾𝑝
𝑅

𝐿𝜙𝑑̇.

𝐽 𝑀𝑟
𝐽𝐿 𝐼𝑟
+
[𝑅 + 2
𝑅 2𝐿 ]
[
] [ V̇]
[ 𝐽 𝑀𝑟
𝐽𝐿 𝐼𝑟 ] 𝜙 ̈
+
−( + )
[𝑅
2
𝑅 2𝐿 ]

(A.4)

𝐿
1
[ 𝑅 𝐾𝑝 𝑅 𝐾𝑝 ] V𝑑
] [ ] + [𝐾𝐼 0 ] [𝑆𝑟 ] .
+[
[1
0 𝐾𝐼 𝑆𝑙
𝐿 ] 𝜙𝑑̇
𝐾𝑝 − 𝐾𝑝
[𝑅
𝑅 ]

(A.7)
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Figure 8: Computer simulation results of generated trajectories.

Then, we have

where

V̇
[ ]̈
𝜙

𝑎1 =

2
0
] V
[− 𝑀𝑅2 + 2𝐽 (𝐶 + 𝐾𝑝 )
][ ]
=[
2
] 𝜙̇
[
2𝐿
0
− 2
(𝐶
+
𝐾
)
𝑝
2
𝐼𝑅 + 2𝐽𝐿
]
[
2
0
] V𝑑
[ 𝑀𝑅2 + 2𝐽 𝐾𝑝
][ ]
+[
2
] 𝜙𝑑̇
[
2𝐿
0
𝐾
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𝑟
𝑟
𝐾
𝐾
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2
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]

𝑟
𝑀𝑅2
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1
,
𝑅
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𝑟𝐿
𝐾,
𝐼𝑅2 + 2𝐽𝐿2 𝐼

𝐿
,
𝑅

2
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2
𝑀𝑅 + 2𝐽 𝑝
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(A.8)

𝑏1 0
[ 0 𝑏2 ]
],
[
𝐵=[
𝑎5 𝑎6 ] (A.9)
[ 𝑎5 −𝑎6 ]
−𝑑1 −𝑑1
[−𝑑2 𝑑2 ]
],
𝐷=[
[ 0
0 ]
0 ]
[ 0

𝑎3 =

2𝐿2
(𝐶 + 𝐾𝑝 ) ,
𝐼𝑅2 + 2𝐽𝐿2

𝑑1 =

𝑦 = 𝐶𝑥,

0 0 1 0
𝐶=[
],
0 0 0 1

𝑎2 =

𝑏1 =

𝑥̇= 𝐴𝑥 + 𝐵𝑢 + 𝐷,

𝑎3 𝑎3
𝑎4 −𝑎4 ]
],
0 0 ]
0 0 ]

𝑎5 =

𝑎6 =

Defining the state vector by 𝑥 = [V 𝜙 ̇𝑆𝑟 𝑆𝑙 ]𝑇 , input vector by
𝑢 = [V𝑑 𝜙𝑑̇]𝑇 , and output vector by 𝑦 = [𝑆𝑟 𝑆𝑙 ]𝑇 in (A.8), we
employed the following linear dynamics for simulation:

−𝑎1 0
[ 0 −𝑎2
[
𝐴=[
−𝑎5 −𝑎6
[−𝑎5 𝑎6

2
(𝐶 + 𝐾𝑝 ) ,
+ 2𝐽

𝑀𝑅2

(A.10)

B. Computer Simulation Screenshot and
Simulation Results
Figure 9 shows several environment setups used in this
study. Figures 9(a) and 9(b) show the environments without
obstacles in which the rehabilitee moves around the rooms
and the robots follow him/her. Figure 9(c) shows the rehabilitee moving between tables. Figures 9(d) and 9(e) show
environments in which the rehabilitee steps over the tables
and robots avoid them while still following him/her. Figures
9(f), 9(g), and 9(h) show the environment in which the
rehabilitee moves randomly.
Figure 10 shows simulation results of complete environment setup in Figure 10 where the green, red, and blue
lines are trajectories of the rehabilitee, leader, and follower,
respectively. Figures 10(a) and 10(b) show the setup where
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Figure 9: Environment setups in this study to verify the effectiveness.

no obstacles are found. The resulting graphs show no ripples
(evidence of obstacle avoidance) since the mobile robots
only consider the rehabilitee-robot distance and the distance between the robots, the rehabilitee just walks around,
and robots determine the distance to static and dynamic

obstacles. In Figure 10(c), the rehabilitee walks between
tables; therefore, some ripples caused by obstacle avoidances
are shown. Figures 10(d) and 10(e) show the environmental
setup where the rehabilitee steps over tables and the robots
follow the human and avoid tables. Figures 10(f), 10(g), and
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Figure 10: Simulation results of robot trajectories for the environments in Figure 9.

10(h) show results in random setups, in which more ripples
are shown. In all these cases, the swarm robots successfully
follow the rehabilitee while avoiding obstacles.
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Many assistive robots for elderly and disabled people have been developed in the past few decades. However, very few of them
became commercially available. The major cause of the problem is that the cost-benefit ratio and the risk-benefit ratio of them are
not good or not known. The evaluation of them should be done in the light of the impacts of assistive technologies on users’ whole
life, both in short-term and long-term. In this paper, we propose a framework of evaluation and design of assistive robots using
ICF (International Classification of Functioning, Disability, and Health). The goal of the framework is the realization of the life
design and the improvement of the quality of life using assistive technologies. We describe the concept of utilizing ICF in the
development process of assistive robots, and demonstrate its utility by using some examples of practical application such as the
analysis of daily living, the design of assistive robots and the evaluation of assistive robots. We also show the issues of using ICF for
further development of the framework.

1. Introduction
There are growing needs for assistive robots which support
independent life of elderly and disabled people or help people
who work at the assistance and the nursing care. Although
a great number of assistive robots, for example, wheelchair
robots [1], walking assist robots [2], upper-limb assist robots
[3, 4], communication robots [5, 6], and so forth, have been
developed in the past few decades, very few of them became
commercially available. We believe the major cause of the
problem is that the cost-benefit (or risk-benefit) ratio is not
good or not known.
Cost, risk, and benefit are three important evaluation axes
of assistive robots. They are contradictory criteria, so getting
full points on all the evaluation axes at the same time is
difficult. Therefore, quantitative evaluation of them and the
trade-off among them are indispensable.
In the case of industrial robots, the cost-benefit is comparable between the robots and the human workers, since
the role of robots is simply to substitute for the human work.

Also in the case of assistive robots, we can estimate the cost,
comparing the robots and the labor cost of care staffs. However, the appropriate evaluation of assistive robots is difficult
unless we can estimate objectively and quantitatively the
contribution of them to the improvement of QOL (quality of
life). Note that the benefit of the robots here is not merely the
performance as an assistive equipment, but the advantageous
effect on the user and the user’s life.
For the risk of the assistive robot, an international standardization of the safety of assistive robots is being promoted
in a promising project “Project for Practical Application of
Service Robots” (NEDO, FY2009–2013) [7]. However, the
“risk” of being dealt with in this project is limited to the safety
issues of mechanical/electrical aspects of the hardware. Other
risks caused by use of assistive robots are not considered,
for example, the risk of a disuse syndrome [8] which is the
reduction of activities derived from excessive assistance by
robots.
The evaluation of cost-benefit and risk-benefit should be
done in the light of the impacts of assistive technologies on
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users’ whole life, both in short-term and long-term. This
needs a sharable and exhaustive description language for
robot and human, which covers a wide range of human life.
International Classification of Functioning, Disability, and
Health (ICF) [9] which was approved by the World Health
Organization (WHO) in 2001 is suitable for this purpose. In
this paper, we propose a framework of development of assistive robots using ICF, which includes the evaluation of the
assistive technologies in users’ life.
The rest of the paper is organized as follows. Section 2
describes the related conventional works on describing functions of a robot and a person. ICF is then introduced as a
new description language. In Section 3, the concept of how to
apply ICF to the development of assistive robots is described.
We show some examples of the application of the concept
from our studies. Based on these experiences, in Section 4,
we describe the issues of ICF towards its advanced usage in
engineering systems.

2. Related Works
2.1. Classification of Behaviors of Human and Robots.
Description of behavior of human and robots in a common
way is a key concept in our study. This section describes the
related works from this point of view [11].
Many frameworks for standardization of agents including
robots have been proposed as follows:
(i) RAC (Robot Action Commands) [15],
(ii) RSi (Robot Service Initiative) Protocol [16],
(iii) BML (Behavior Markup Language).
RAC is a set of generalized motion commands defined as
an extension of ORiN (Open Robot Interface for the Network) [17] which operates on different robotic platforms such
as industrial robots and pet robots. RSi Protocol is a communication protocol specification for robotic services that
uses the network. It promotes realization of service robots
which provide physical services and information services at
home and in the office. BML is designed to be a general
mark-up language to express multimodal behavior of agents.
It provides a framework for defining multimodal gestures
(including the face, the head, the hands, and the body) and
defining timing-synchronization. The language is to describe
behavior in an abstract way, independent of the agent model
or the actual engine realizing the behavior. Although these
three description methods were invented in order to generalize and standardize the behaviors of robots independent of
the platforms, they seem to have something to do with the
description of the specification of an assistive robot as well as
the needs of a person to be assisted.
Meanwhile, several methods for describing human activities are proposed and utilized mainly in the medical and
healthcare fields as follows:
(i) MET (Metabolic Equivalent of Task),
(ii) ADL (Activities of Daily Living),
(iii) IADL (Instrumental Activities of Daily Living),

(iv) ICF (International Classification of Functioning, Disability and Health).
MET is a unit used to compare the working metabolic
rate (the amount of oxygen used by the body during physical
activity) to the resting metabolic rate [18]. It is a way to
compare the amount of exertion required for different activities. At rest, the body uses one MET for basic functions such
as breathing. Moderate physical activity requires 3 to 6 METs,
and vigorous physical activity requires more than 6 METs.
ADLs represent the things we normally do in daily living
including any daily activities we perform for self-care (such
as feeding ourselves, bathing, dressing, and grooming), work,
homemaking, and leisure. The ability or inability to perform
ADLs can be used as a very practical measure of ability/disability in many disorders [3]. Health professionals refer to
the ability or inability to perform ADLs as a measurement
of the functional status of a person. This measurement is
useful for assessing the elderly, the mentally ill, and those with
chronic diseases to evaluate what type of health care services
an individual may need.
IADL stands for six daily tasks (light housework, preparing meals, taking medications, shopping for groceries or
clothes, using the telephone, and managing money) that
enable the patient to live independently in the community.
These three description methods can indicate how actively a person is living and what type of assistance a person may
need in some aspects.
However, they are rather rough in finding out the detailed
needs of a person. ICF is another way of describing the activities of an individual with finer and wider description capability, which is explained in Section 3.
2.2. ICF: International Classification of Functioning, Disability, and Health. International Classification of Functioning,
Disability and Health, known as ICF, is a classification of
health and health-related components. It was approved by the
World Health Organization (WHO). ICF belongs to the Family of International Classifications developed by the WHO
(WHO-FIC) and constitutes the core classification together
with ICD-10 (International Classification of Diseases, Tenthrevision) which classifies the health conditions (diseases, disorders injuries, etc.). ICF classifies functioning and disability
associated with health conditions. Therefore, ICF and the
ICD-10 are complementary.
The aim of ICF is to provide a unified and standard language and framework for the description of health and
health-related states.
2.2.1. Classification. ICF has two parts, each with two components:
Part 1. Functioning and Disability:
(a) body Functions and Structures,
(b) activities and Participation.
Part 2. Contextual Factors:
(a) environmental factors,
(b) personal factors.
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Figure 1: Examples of participation-level (a) and task-level (b) activities and corresponding codes [10].

Each component consists of various domains. Each
domain consists of categories, which are the units of classification. For example, “Activities and Participation” component
is further divided into categories shown below.
a1: Learning and applying knowledge,
a2: general tasks and demands,
a3: communication,
a4: mobility,
a5: self-care,
a6/p6: domestic life,
a7/p7: interpersonal interactions and relationships,
a8/p8: major life areas,
a9/p9: community, and social and civic life.
The ICF categories are coded by a character and a numeric
code that starts with the chapter number (one digit), followed
by the second level (two digits), and the third and fourth
levels (one digit each). The characters “a” and “p” in the above
list denote task-level activity (Activities) and participationlevel activity (Participation), respectively (Figure 1). Also, the
categories are “nested” so that broader categories are defined
to include more detailed subcategories of the parent category.
For instance, a detailed basic motion “carrying in the hands”
is classified into a subcategory of “a4: mobility” as shown
below.
a4: Mobility:
a410: changing basic body position,

a415: maintaining a body position,
a420: transferring oneself,
a429: changing and maintaining body position,
other specified and unspecified,
a430: lifting and carrying objects:
a4300: lifting,
a4301: carrying in the hands,
a4302: carrying in the arms,
a4303: carrying on shoulders, hip, and
back,
a4304: carrying on the head,
a4305: putting down objects,
a4308: lifting and carrying, other specified,
a4309: lifting and carrying, unspecified.
1,424 functions and factors are coded in ICF. When we
record the health and health-related states of an individual,
we select the appropriate category codes and then add qualifiers, which are numeric codes that specify the extent or the
magnitude of the functioning or disability in that category, or
the extent to which an environmental factor is a facilitator or
barrier.
2.2.2. Model of Human Life. In addition to the classification,
ICF provides a holistic model which grasps the entire picture
of human life. Figure 2 shows the model (we call it “ICF
model”). In this model, various components of ICF interact
with each other. An individual’s functioning in a specific
domain is an interaction or complex relationship between the
health condition and contextual factors (i.e., environmental
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Health condition

Activity

Body functions

Environmental factors

Participation

Personal factors

Figure 2: ICF model.

and personal factors). ICF is based on an integration of the
medical model and the social model. Assistive robots belong
to the “environmental factor” and have impacts on the functioning components as this model expresses.
The favorable features of ICF for our purpose are summarized as follows:
(1) comprehensive classification to describe human life,
(2) standardized language (framework) which is sharable
among people involved,
(3) holistic perspective (model) about human life.

3. Development of Assistive Robots Using ICF
3.1. Problem of Evaluation of Assistive Robots. Conventional
researches of assistive robots tended to follow “seeds-oriented
approach,” in which a robot is produced as an application of
the preexisting seeds (technologies), and they seem to have
paid few attention on how they bring benefits to users’ life.
As we mentioned in Section 1, the benefit here is not merely
the physical performance of the robots.
The evaluation of assistive robots in previous studies
tended to focus on medical/functional ones [4, 19], which
measure the execution time and the success rate of a few
single tasks, for example. However, we have questions about
such evaluations, from the viewpoint of true contribution of
assistive robots. Is it a true need that a user performs a single
task using an assistive robot? Does the robot bring benefits
to the user’s life that more than compensate for the cost, risk,
and the other side effects? Does the high performance robot
have possibility of being a cause of the disuse syndrome?
We believe that we cannot judge whether a function meets
the true needs and whether it has no problem in daily living,
unless we conduct proving tests and clinical evaluations
adapted to each user’s life. In the existing conditions, the benefit evaluation of assistive robots is insufficient. We recognize
the following two problems.
(1) Most of the proving tests of assistive robots put
emphasis on the questionnaires about the feeling of
the effects and do not investigate the benefits to the
users’ life by quantitative and statistic evaluation
index.
(2) The contents of the proving tests are very small elements (actions) of the users’ daily living. The relation
between these actions and the improvement of users’
life is unclear.

3.2. Assistive Robots in ICF. As described in Section 2.2, ICF
has three factors, that is, health conditions, environmental factors, and personal factors, which interact with the
functioning of a person. An assistive robot is defined as an
element of the environmental factors. In concrete terms, it
corresponds to the following:
(i) e1151: assistive products and technology for personal
use in daily living,
(ii) e1201: assistive products and technology for personal
indoor and outdoor mobility and transportation.
In the ICF model (Figure 2), we see that the assistive
robots
(1) not only support “Activity” but also have impacts on
“Body functions and structure” and “Participation,”
(2) have impacts on the functioning of human, by combining with other environmental factors, for example,
welfare equipment, welfare services, and housing
environment.
As for (1), for example, we can recognize that an assistive
robotic arm has impacts on not only “a4300: lifting” (a subject
of direct supporting) but also “p820: school education” and
“p920: recreation and leisure”.
We should also realize that there are negative impacts in
addition to the positive impacts. A typical example of the negative impact is the disuse syndrome. Robot developers tend
to think that higher robot performance makes a better assistance. However, if a robot technology substitutes for human
activities and the user stops doing an activity which can
be done originally by the user, it is an excessive assistance
which leads to the disuse syndrome. Thus, clear definition
of function of assistive robot is necessary for determining
“indication and contraindication” (who should utilize and
who should not utilize) of assistive robots.
As for (2), it is no wonder that a single assistive robot cannot be the solution to all the problem, because the users live
in the various environmental factors, for example, living environment, personal relationships, social services, and sociocultural influences. We need to design the combinational
usage of the assistive robots with existing welfare equipment
(wheelchairs, prosthetic limbs, walking sticks, care lifts, etc.)
for effective assistance. Also, reorganization of the environment for the usage of robots by house renovation and cooperation with other social services are important matters to be
considered.
3.3. Concept of Life Design Using ICF. The rest of this section
describes the ideas on how to utilize ICF in the development
process of assistive robots—analyzing and discovering needs
in daily lives, designing robots, and evaluating the products.
Figure 3 shows the concept of life design with various assistive
methods based on ICF. If the status of current life and desired
life are described using ICF, and the effect of various assistive
methods is defined by ICF, the combinational usage of
assistive methods to fill the gap will be analytically obtained.
There are many ways to fill in the gap as follows:
(i) functional training,
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Current life
described in ICF

Desired life
described in ICF

Effect list described in ICF
- Functional training by himself
- Assistance by
- Family members
- Health care providers
- Home renovation
- Assistive devices

daily livings in order to understand the structure of the
life, because it is not clear what kinds of task-level activities
should be assisted for achieving a certain participation-level
activity. Supposing that we need to build a cooking assistant
robot for a handicapped person, then the concrete contents
of assistance as well as the specification of a robot should be
determined first. It is actually very difficult to achieve in an
objective and quantitative manner. In addition, it should be
also noted that excess support of assistive robots may result in
disuse syndrome. Too much spoils, too little does not satisfy.
Therefore, the design of assistance should be performed to
avoid the excess and the deficiency.

- Prosthetics
- Off-the-shelf assistive devices
- Assistive robots

Figure 3: Concept of life design based on ICF [11].

(ii) support from family,
(iii) support from home helpers,
(iv) house renovations,
(v) conventional assistive devices,
(vi) assistive robots.
The robotics researchers and developers should notice
that robotics technology is not the only way to realize the
assistance, but the summation of the above-mentioned ways
is the assistance.
In this design framework, we place great importance on
discrimination of “function” and “motion/behavior” and relation between them. A function is a concept which emerges
when a sequence of motions/behaviors has a “purpose (or
goal)” [20]. For example, an alternating motion of legs
becomes a function of moving around when a human has
a certain purpose. An important finding is that the way to
achieve a function is not unique. Therefore, we can plan
various ways to support the functions in daily livings, and it
means that we can absorb the individual differences of
motions to achieve a function, because the aim of the assistance is not to recover all motions/behaviors of a human, but
to recover the functions a human wants to achieve.
It should also be noticed that the less functions and
motions an assistive robot has, the less cost and time is necessary to realize it. We should not try to develop an all-round
assistive robot. Instead, we should analyze the daily livings
of a person and develop simple assistive robots or devices
with truly necessary and sufficient functions or motions
for the person, in combination with other ways mentioned
above.
In the following, we show our practical examples of the
application of ICF in developing assistive robots, such as analysis of functions in daily livings (see Section 3.4) and robot
design and evaluation of assistive robots (see Section 3.5).
3.4. Analysis of Daily Living and Design of Assistive Robots.
It is important to analyze the functions conducted in our

3.4.1. Reasonable Design of Assistive Robots Based on Real Life
Data. We recorded a life-log of a healthy person and analyzed
it based on the ICF [11]. Action, time, duration, place, target
object, and purpose were recorded by voice recorder every
time when an action was taken, and 3964 activities were
recorded for five days. Figure 4 indicates the histogram of
all recorded activities. It can be seen that “pick and place,”
which are the very basic motion of the robot studied for
decades, are the most frequent activities performed in the
daily lives. Figure 5 indicates the task-level activities that
“cooking” includes.
By analyzing this life-log data, it was found out that
“lifting (a4300)” is included in 43% of participation-level
behaviors. By further analyzing them, it was found out that
approximately 90% of the objects of “lifting (a4300)” activities were less than 300 g. The exceptions were, for instance,
a kettle filled with water (1 kg) for “preparing complex meals
(p6301)” and a vacuum cleaner (3.8 kg) for “cleaning (p6402).”
This kind of information is very useful for finding out the
needs and designing assistive robots based on the evidence of
the real life. If a robot is able to lift up an object which weights
300 g, it can cover 90% of daily activities. The remaining
10% of objects can be handled by combinational usage of
other equipment, such as an electric pot with water supply
function instead of bringing a kettle, and a robot cleaner
instead of using a vacuum cleaner. This idea prevents us
from developing excessively high performance, heavy, and
expensive robots. Thus, we can efficiently and reasonably
design assistive robots based on life analysis using ICF.
3.4.2. Adaptive Design of Assistive Robots to Users. We
investigated the usage of both hands in “p630: cooking” of
daily life [12]. We recorded videos of cooking scene with
a head-mounted camera and analyzed the usage of each
hand in terms of the frequency and the time of actions.
The analysis was conducted using a newly developed videotagging tool (Figure 6). We can record the action and its
time at the same time, by selecting the on-going action from
the left-side column while we are playing the video. The
actions are classified based on ICF. Figure 7 shows a result of
analysis.
We confirmed that the usage of the nondominant hand
is auxiliary and greatly different from that of the dominant
hand. In concrete terms, we found the following facts.
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Figure 4: Frequency of distribution of activities [11].

a4305 pulling
a4305 pushing
a4305 manipulating
a4305 carrying in the hands

a4458 hand and arm use, other specified
(times)
121
43

98

a4408 fine hand use,
other specified

a4305 putting down objects
310

197
212

566

a4305 picking up
25

652

p6301 preparing
complex meals

53

a4300 lifting

1
a4453 turning or twisting
the hands or arms

a5408 dressing, other specified

23
2
20

5
7

a4401 grasping

7

5

a166 reading

a4308 lifting and carrying, other specified

a4403 releasing
a411 watching

a4103 sitting
a5402 putting on footwear

Figure 5: Activities included related with “preparing complex meals” [11].

(1) “Manipulating (a4402)” and “turning or twisting the
hands or arms (a4453)” are performed only with
dominant hand.

(3) 83% of actions in cooking consist of only four actions
such as “lifting and carrying objects (a430),” “pushing
(a4451),” “picking up (a4400),” and “grasping (a4401).”

(2) “Grasping (a4401)” and “pushing (a4451)” are performed mostly only with nondominant hand.

These results revealed that assistive devices for nondominant hand do not need the “twist” motion in cooking, and
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Figure 6: Analysis using video-tagging tool and ICF [12].
Lifting and carrying objects (a430)
Manipulating (a4403)
Pushing (a4451)
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Grasping (a4402)
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Turning or twisting the hands or arms (a4453)
Washing objects (a4408)
Drying oneself (a5102)
Washing body parts (a5100)
Other

Upper-limb disAbilities) is a novel robotic arm with linear
mechanism developed at AIST. By utilizing the RAPUDA, we
have demonstrated that a bottle of water can be picked up
from a table and taken to the mouth using a simple joystick
or single-switch interfaces [23]. However, the representation
of the specification such as “RAPUDA is capable of bringing
a bottle of water from a table to a mouth. Maximum weight
is 0.5 kg” is not sufficient. This is because a potential user
cannot know the difference between the two robots as to
which tasks can be performed and which tasks cannot. It is
further difficult to imagine how the whole life will change
when a user introduces the robot in his/her daily living.
There has been efforts in the community to determine
a “benchmark task” for assistive robots [24, 25]. It will also
be beneficial for a user to clearly indicate what activities
can be performed in terms of ICF. As a preliminary trial,
we described the tasks that the assistive robotic arms can
perform. Both the iARM and the RAPUDA can perform
following tasks:
(i) a430: lifting and carrying object:

0 300 600 900 1200
Times of the performance
of hands (s)
Dominant hand
Both hands
Nondominant hand

Figure 7: Time of actions for each hand in cooking [12].

we can simplify the structure of the assistive devices for
nondominant hand by excluding one degree of freedom. This
leads to the development of simple, light weight, low-cost, but
useful assistive devices/robots, which adapt to the utilization
form of each user.
3.5. Evaluation of Assistive Robots. In this section, we show
some results of evaluation of assistive robotic arms using
ICF [13]. The subjects are iARM [21] and RAPUDA [22]
(Figure 8).
3.5.1. Qualitative Functionality Evaluation of Assistive Arms.
In order to indicate the objective performance of an assistive
robot, it should have information including following items:
(A) tasks that the robot can perform,
(B) objects that the robot can handle,

(a) a4300: lifting,
(b) a4301: carrying in the hands,
(c) a4305: putting down objects,
(ii) a440: fine hand use:
(a) a4400: picking up,
(b) a4401: grasping,
(c) a4402: manipulating,
(d) a4403: releasing,
(iii) a445: hand and arm use:
(a) a4450: pulling,
(b) a4451: pushing,
(c) a4452: reaching,
(d) a4453: turning or twisting in the hands or arms.
On the other hand, both robotic arms are not capable of
performing following tasks due to the velocity limitation:
a445: hand and arm use:
(a) a4454: throwing,
(b) a4455: catching.
This kind of information corresponds to (A) tasks that the
robot can perform. We show other usage of ICF related to (B),
(C), and (D) in the following sections.

(C) environments where the robot can work,
(D) indication and contraindication of users.
ICF can be utilized for describing (A) and (D). The
qualitative and quantitative description of the specification of
a robot is especially important when comparing a robot with
another. The iARM is an off-the-shelf robotic arm from Exact
Dynamics, and the RAPUDA (Robotic Arm for Persons with

3.5.2. Quantitative Functionality Evaluation of Assistive Arms.
Young et al. [24] presented a prioritized list of 43 objects for
Amyotrophic Lateral Sclerosis (ALS) patients to pick up using
a robotic arm. We used these 43 objects as target objects, and
conducted operation experiments about “a4300: lifting” by
the iARM and the RAPUDA. Figure 9 shows the scenes of
the experiments. We put an object on a table and repeated
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(a)

(b)

Figure 8: Assistive robotic arms: iARM (a) and RAPUDA (b).

(a)

(b)

(c)

Figure 9: Evaluation experiment of assistive robotic arms [13].

trials of lifting up the object, in a given period of time, then
recorded the success rate.
The success rate varies depending on the conditions
such as the environment and grasping method. As the environment condition, we set presence/absence of a tablecloth
(TC), which changes the slippage of the target object. As
the grasping method, we set use/nonuse of table-edge (TE).
When we use the table-edge, we are allowed to grasp an object
after sliding it to the table-edge, so that a portion of the object
is out of the table. In addition, the presence/absence of rubber
finger (RF) is another condition in the case of the iARM.
The standard conditions are presence of TC, use of TE, and
presence of RF. The result is shown in Table 1.
The difference of the success rate between the iARM and
the RAPUDA depends on mostly the hand (not the arm).
Because the hand (finger) of the RAPUDA is thicker than
that of the iARM, the RAPUDA is not good at grasping flat
and thin objects such as books and magazines. When it did
not use the table-edge, table knife, straw, plastic container,
newspaper, wallet, coin, and stick were hard to lift.

Such information corresponds to (B) objects that the
robot can handle and (C) environments where the robot
can work, which is important to clarify the performance of
assistive robots in practical usage.
3.5.3. Requirement for Users. Adequate operation is required
to the users of assistive robots. This includes the operation
of the user interface, judgment of dangers, and finding of the
errors of robot. We listed up the requirements for the user of
assistive robotic arms as follows:
(i) b130: energy and drive functions (for keeping goal of
task),
(ii) b140: attention functions (for detection of danger/
error),
(iii) b144: memory functions (for acquisition of operational procedure),
(iv) b156: perceptual functions (for cognition of space),
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Table 1: Result of lifting experiment of robotic arms.

Robot and condition
iARM, standard condition
iARM, without TE
iARM, without TE and without TC
iARM, without TE, without TC, and without RF
RAPUDA, standard condition
RAPUDA, without TE

(v) b164: higher-level cognitive functions (for detection
of danger/error),
(vi) b176: mental function of sequencing complex movements (for action planning),
(vii) b210: seeing functions (for cognition of operation
interface, detection of danger/error),
(viii) b760: control of voluntary movement functions,
(a) b7600: control of simple voluntary movements
(for pushing switch of operation interface).
These are minimum functions of the level of “body functions and structure” in order to make full use of the robotic
arm. In addition to these, in order to prevent the disuse
syndrome, the assessment by medical doctors and experts
from the viewpoint, whether the assistance is excessive or
not, is indispensable. It leads to the representation of (D)
indication and contraindication of users.

4. Issues on Utilization of ICF in
Development Process of Assistive Robots
Based on our experiences, we describe some issues on utilization of ICF in assistive-robots development, for further
development of our framework.
4.1. Utilization of ICF Model. We have shown some practical
examples of utilization of ICF in the development process
of assistive robots in Section 3. We demonstrated some
advantages of using ICF, but all of them are only related to
one aspect of ICF as a sharable and exhaustive classification
about human life (Section 2.2.1). In other words, we have only
used ICF as a set of vocabularies to indicate various things.
The goal of our framework is the life design using ICF
and assistive technologies. For this purpose, we must develop
a methodology of analysis of the “true needs” and the
“effect/impact” of assistive technologies in the users’ whole
life. The ICF model (Section 2.2.2) is another feature of
the ICF framework providing useful viewpoints to analyze
human life. We should utilize the ICF model and clarify the
relations among many elements and factors of many levels of
the functioning. Figure 10 shows an image of the relations to
realize a goal (growth of participation). It represents how the
lower level activities linked to the realization of higher-level
concepts (participation).

Success rate
100.0% (43/43)
97.7% (42/43)
95.3% (41/43)
93.0% (40/43)
95.3% (41/43)
79.1% (34/43)

4.2. Need for Support Tool for Utilization of ICF. ICF provides
useful framework for robot development, but we also felt that
ICF is somewhat hard to use by nonexperts. In fact, although
ICF is utilized in various applications such as nursing care,
rehabilitation, and special needs education, it is still recognized as hard to use mainly because of too many items and
difficult terms [26]. In addition, Okawa et al. [27] remarked
that the deep analysis and evaluation in human lives require
high level of expert knowledge and clinical experiences. We
therefore believe that a support tool which assists the life
design will be a great help for nonexperts.
We are planning to develop a life design support tool
using the ICF framework, which assists the life design shown
in Figure 3. Figure 11 shows a schematic diagram of the tool.
This tool accumulates a lot of knowledge about relations
among many factors of ICF as functioning models. The user
interactively conduct the analysis and design process using
these models. This tool will be a kind of expert system using
ICF.
4.3. Need for Reorganization of ICF for Utilization in Engineering Systems. When we use ICF in knowledge systems like
the design support tool mentioned above, the ICF categories
(vocabularies) should be sharable, reusable, and scalable.
The current ICF intends to be used as a sharable language
describing human life. However, ICF seems not to have in
itself any mechanism facilitating the sharing. Efforts for the
sharing are entrusted to the user side.
As for the reusability and the scalability, although ICF is
classified into many categories, the systematization of them
is not enough. Kumar and Smith [28] investigated the ICF
categories and pointed out seven problems related to the
systematicity. We also confirmed the problems in our study.
They are digested into the following three items.
(1) Criteria of categorization are not consistent.
(2) Categorization is incomplete (segmentalization is
insufficient).
(3) Subsumption (is-a relation) is overemphasized.
An example of the item (1) is shown below.
[b110: consciousness functions] is positioned into the
series of concept lined by is-a relations which starts
with [b: body functions] followed by [b1: mental functions]. The concept series is about “function.” However, [b110: consciousness functions] has some childconcepts which are not the concept about function
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Figure 10: Image of relation among many factors of several levels of functioning.
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Figure 11: Life design support tool based on an extended ICF
database [14].

such as [b1100: state of consciousness] and [b1101: continuity of consciousness].
Such inconsistencies are seen everywhere in ICF. Inconsistent criteria of categorization (conceptualization) make
the computational semantics vague and prevent knowledge
sharing, reuse, and extension. This is a fatal problem to
knowledge systems. Mea and Simoncello [29] pointed out
similar problems about the ICF’s systematicity, from ontology
engineering point of view.

Also, the vocabulary system should be readable for both
human and computer. ICF is mainly written in natural
language for human, not for computer. Though the ICF categories are coded by a character and a numeric code, it is not
machine-readable since it has no semantic foundation.
In order to solve these issues, we started reorganization
of ICF vocabularies [14] by ontology engineering approach
[20, 30]. This effort will contribute to the facilitation of
ICF utilization in engineering systems like the framework of
assistive-robots development we proposed.

5. Concluding Remarks
We proposed a framework of evaluation and design of
assistive robots using ICF. We demonstrated the utility of
the concept through some examples of practical application
such as the analysis of daily living, the design of assistive
robots, and the evaluation of assistive robots. From these
experiences, we also revealed the issues for further utilization
of ICF in engineering systems.
The application of ICF to the engineering field has been
just started. There will be many trials and errors, but we
will continue the development of the framework in order
to realize the development and the popularization of “truly
useful assistive robots.” For this purpose, not only the robotics
researchers and developers but also various types of experts,
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for example, medical doctors, healthcare workers, care managers, and the users, should work in collaboration.
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The rehabilitation of patients should not only be limited to the first phases during intense hospital care but also support and therapy
should be guaranteed in later stages, especially during daily life activities if the patient’s state requires this. However, aid should only
be given to the patient if needed and as much as it is required. To allow this, automatic self-initiated movement support and patientcooperative control strategies have to be developed and integrated into assistive systems. In this work, we first give an overview
of different kinds of neuromuscular diseases, review different forms of therapy, and explain possible fields of rehabilitation and
benefits of robotic aided rehabilitation. Next, the mechanical design and control scheme of an upper limb orthosis for rehabilitation
are presented. Two control models for the orthosis are explained which compute the triggering function and the level of assistance
provided by the device. As input to the model fused sensor data from the orthosis and physiology data in terms of electromyography
(EMG) signals are used.

1. Introduction
The requirements on a social, well-functioning, and modern
health care system—including elderly care—are demanding:
it must be flexible enough to encounter the increasing
process of change and the related challenges. These changes
and challenges are triggered, among other things, by the
demographic changes, the increase in chronic diseases, the
rising costs, and the impending skills shortage [1].
To assure the achievement of these objectives in medical
care, the publicly financed science plays a major role. In this
context, robotics research is an important element which is
increasingly gaining significance [2].
Nowadays, robotic systems are used in various medical
disciplines and different highly specialized applications, for
example, in the field of minimally invasive surgery [3]. Furthermore, technical therapy approaches in physiotherapy and
occupational therapy are given more and more importance.

In this context, particular assistance and training devices are
in the center of interest. These could be systems like powered
exoskeletons, active orthoses, or special end-effector-based
therapy robots [4]. On the one hand, these systems could
provide important support in medical rehabilitation for the
therapist and patient and, on the other hand, they could be a
help in everyday activities for the elderly or motor-impaired
people in their home environment [5].
Due to the aging society and probably significant increase
in chronic diseases of the musculoskeletal and the nervous
system, the need for innovation in assistive technologies for
everyday activities and rehabilitation is judged as very high
[6].
In general, independent living and acting are strongly
connected with the motor skills of the individual. The proper
function of the arm and hand in everyday activities—at work
or at home—are of vital importance [7].

2
In the long-term view, our superior goal is to design
and develop a full home rehabilitation system, composed
of an exoskeleton and physiological data acquisition and
processing in terms of EEG, EMG, and gaze-direction, which
can be operated in real as well as in virtual environments.
For this purpose we will make use of our acquired expertise,
gained with the development of exoskeleton systems in
recent projects [8]. The exoskeleton shall be lightweight and
comfortable to wear, while having enough force to move both
plegic arms and the upper body of a patient. With the use
of physiological data movement intentions of the patient can
be predicted and therefore the interaction between subject
and rehabilitation device can be improved. The system is
meant to support a therapist in the daily routines during the
rehabilitation phase of a patient. When using the system in a
virtual environment it is possible for the therapist to design
and change tasks for the patient without being on sight and in
addition the training/rehabilitation success can be monitored
via physiological data, for example, EMG signals.
Anyhow, in the first step we decided to design and develop
an orthotic system which accounts with one active degree of
freedom (DOF) capable of flexing and extending a patient’s
arm in parallel with the upper body exoskeleton. This gives
us the opportunity of analyzing and developing physiological
data driven control strategies for an exoskeleton in an easierto-handle setup compared to full upper body system.
Therefore, in this paper we introduce the concept and
medical background of a support and rehabilitation system
for the upper limb in the form of an active elbow orthosis.
A demonstrator of the orthosis is developed and driven
in terms of EMG signals from the upper arm measured from
the biceps brachii and triceps brachii [9]. The control is based
on threshold functions which are correlated to maximum
amplitudes measured in both muscles.
In this paper we conduct experiments to improve the
control of the system. We derived a model with the Recursive
Least Square (RLS) algorithm which takes into account EMGs
from the upper arm as well as sensor data from the orthosis
(position and force induced to the device). Off-line gained
results for the triggering of the orthosis are provided. In
addition, we present results of an experiment giving the
orthosis the ability to adjust the level of support provided
to the patient. Again a model is formulated with the RLS
involving the same input data. Having the possibility of
automatic support adjustment during rehabilitation can have
positive effects since an increasing muscle activity results in a
lower support. In this way the support is constantly reduced
until the point the patient does not need any external help for
moving his arm.
Furthermore, by means of the movement prediction,
the patient has the impression to control the arm himself,
although the orthosis is actually moving the arm. This
reconnects the movement planning phase of the brain with
movement execution to reestablish the capability of the
patient for free and self-paced movements. Therefore, the
combination of the self-initiated movement support and
patient-cooperative control strategies can lead to a positive
effect on rehabilitation and user-centered support in daily
activities.
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In the long term, this device could be used for the
entire rehabilitation process, for example, to improve motor
recovery in patients with neurological or orthopaedic lesions.
Furthermore, the progress of therapy can be evaluated by
monitoring and analyzing the muscle activity via EMG.

2. Use of Robots in Rehabilitation
In this section, the basic elements of rehabilitation robotics
are presented. This includes the medical background for rehabilitation, the basic functions of robotic systems and applications, target groups, and transferable treatment modalities
which can be suited to adapt on rehabilitation devices.
2.1. Foundations of Rehabilitation of Impairments of the
Motor System. Common causes of acquired and permanent
physiological defects such as limited motor skills are mostly
neurological diseases or injuries. In this case, one of the
most common causes of permanent disabilities in western
civilization is stroke [10]. Only about 40% of all stroke
survivors are able to return to normal employment and onethird are permanently dependent on support and care. Hence,
the main goal of rehabilitation is the reintegration of affected
people back into normal life in an optimal way [11].
In general, rehabilitation can achieve its goals in two
ways: through compensation of motor dysfunction and/or
through recovery of motor functions. Here, a force exerting
exoskeleton or orthosis for rehabilitation applications is
used for compensation of motor deficits and/or for the
recovery of motor skills. Hereby the extremities with motor
deficit—incomplete paralysis (paresis) or with total paralysis
(plegia)—are actively supported (e.g., by gravity compensation).
To recover or improve motor function, a preferably early
and intensive rehabilitation is recommended, since a positive
relationship between treatment intensity and outcome exists
[12]. However, this requires a high and efficient deployment
of personnel, which can be a limiting factor. In this context,
the use of robot-aided therapy is worthwhile [13].
The main problem of a paresis is located in the lack of
necessary force, associated with concomitant reduction in
range of motion and speed of the affected muscles. Furthermore, the muscle coordination is impaired; this applies to
the muscle chain coordination and to the internal muscle
coordination. The muscles tend to a prolonged contraction
time and a delayed end of the contraction. Moreover, the
affected muscles fatigue much faster with respect to the
nonaffected muscles [14].
By motor learning the brain is able to adjust to new
situations due to massive functional reorganization. This phenomenon is known as neuronal plasticity and characterized
by the ability of the brain to restructure itself by forming
new neural connections. However, the ability of the brain to
restructure itself is limited since it is not plastic in every of its
regions. Long-term evaluations will reveal the magnitude of
the rehabilitation success.
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2.2. Target Group and Corresponding Applications. For a variety of diseases a motor rehabilitation by means of a robotic
device is in general conceivable. We are of the opinion
that an application is particularly suitable and economically
useful, where long rehabilitation periods are necessary. This
applies, for instance, to chronically or chronic-progressive
neurological diseases in which a regular, persevering training
a rapidly progression of symptoms and sequelae of diseases
might be prevented. These are in addition to the surgical
and orthopedic diseases, such as elbow and shoulder joint
prosthesis, brain tumor surgery, and muscle weakness due to
immobilization and surgical follow-up care (mobilization),
in essence, the neurological diseases. Examples of such
neurological diseases are multiple sclerosis, peripheral nerve
lesions, traumatic brain injury, infantile cerebral palsy, and as
mentioned stroke.
Stroke is a sudden onset of dysfunction of the motor,
sensory, and cognitive functions of the brain. Depending
on the location and severity of the injury, the functional
limitations may vary.
In the first 3 to 18 days after stroke certain neurotransmitters can be detected. It is believed that these substances are
important for the neural plasticity. Therefore, the first weeks
are an ideal time to ensure optimal functional and structural
reorganization of the brain. Hence, an early active training
of the disturbed functions leads to functional recovery
[15].
Nevertheless, approximately 35% of stroke survivors live
in the long term with a significant leg paresis and 65% are not
able to use the affected hand in daily activities. To this already
high level of suffering, patients often suffer from depression, a
so-called poststroke depression. The resulting psychological
problems can prevent a successful motor therapy, since the
motivation and cooperation of the patient play a crucial role
[15].
Hence, a modern rehabilitation of stroke or other neurological diseases is always oriented to the individual patient’s
condition.
Together with the patient, specialised everyday and (if
necessary) job-relevant therapy goals are determined. The
treatment team selects an appropriate therapy concept [15].
The various therapeutic measures for arm rehabilitation,
which can be transferred to a robotic system, include repetitive training, uni- and bilateral training, the effect of training
at distal positions, task-oriented training, and mirror therapy
[13, 16–19].
In addition, in the course of treatment the successes or
failures are detected and evaluated to adjust the therapeutic
measures or to define new therapeutic goals. Thus, the
assessment procedures play an important role in motor
rehabilitation. Robotic systems which are equipped with
assessment functions can make an important contribution to
the quality of treatment, since they could ensure a simple and
regular review of treatment effects.
By revisiting established therapy measures and assessment methods, robotic therapy systems can be optimally
integrated into the rehabilitation process.
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2.3. Robotic Systems for Rehabilitation Applications. Exoskeleton or orthotic systems for medical applications in rehabilitation should support scientifically founded training principles. Furthermore, these systems should optimally be integrated into the rehabilitation routine and must support the
therapist and patient in a useful way.
The general aims of rehabilitation robotics relate mainly
to the increase of efficiency, accuracy, and reproducibility of
the treatment methods while ideally improving the economic
situation in rehabilitation [20]. In addition to the general
objectives, concrete goals have to be formulated. These goals
are as follows:
(i) imitation of natural and patient-specific motion,
(ii) high degree of compliance control (this promotes a
safe man-machine interaction),
(iii) self-initiated movement support and patientcooperative control strategies (this promotes motor
learning processes in the brain),
(iv) solid monitoring of the treatment progress,
(v) early intensive training.
2.3.1. Benefits of Orthosis and Exoskeleton Technology. The
properties of an exoskeleton/orthosis offer a number of
advantages for use in rehabilitation [21]. The advantages are
as follows
(i) Good stabilization and guidance of the limb: compared to end-effector systems (usually with just one
interface to the patient) an exoskeleton/orthosis can
be connected to several points with the patient. With
this specific structure the patient’s arm is guided and
stabilized at every joint.
(ii) Gravity compensation: the weight of mechanical
structures and the human limb can be compensated
by different mechanisms.
(iii) Reproduction of the human kinematics with a high
number of active degrees of freedom.
(iv) Haptic features: the exoskeleton/orthosis design
allows transferring haptic functions at certain points
throughout the patient’s arm. Possible types of haptic
feedback are kinaesthetic feedback (force-feedback)
and tactile feedback (e.g., vibrations)
(v) Modular design: exoskeleton/orthosis with a segmental structure allows providing a patient-specific
system which meets the requirements and needs of
the patient, in the sense that an exoskeleton including
only the affected joint would be used. This can reduce
costs and deliver a differentiated training, following
the slogan: “as much as necessary, as little as possible.”
(vi) Force intensification: due to the active degrees of
freedom and mobility, an exoskeleton/orthosis can be
used as a power amplifier. Through this option, it is
possible to deliver a system that supports activities of
everyday life and acts in the same time as a training
system.
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Figure 1: Mechanical categories of upper limb rehabilitation robots. (a) Semiexoskeleton with fixed base. (b) Mobile exoskeleton (haptic
interface). (c) Wire based. (d) End-effector-based.

2.4. Current State of Science and Technology. Robot-aided
rehabilitation of upper and lower limbs is currently a fast
developing field that is also getting more and more acceptance
by clinicians. As mentioned, to recover motor function, an
intensive and early rehabilitation is recommended. For this
purpose, a large variety of systems which are able to support
therapists in their daily work, as well as control approaches,
have been developed and are more and more the subject
of current research. Furthermore, clinical trials on various
systems already show that robotic therapy can be useful and
compared to traditional methods of therapy there are no
disadvantages in the effectiveness [22, 23].
Today, developed or applied robotic rehabilitation systems can be categorized according to their application focus.
Depending on the target group (patient’s needs), pathology,
preferred method of treatment, and place of installation,
different conceptual approaches are possible. Rehabilitation
systems for the upper limbs can be classified into exoskeleton
systems [24, 25] and end-effector-based structures [26, 27]
which further divide into uni- and bilateral designs [28], as
well as distal and proximal approaches [5, 29]. (In contrast,
systems for lower extremity have a greater variety of designs
and are already more widely used.) Figure 1 shows the general
design of the currently most used systems for upper limb
rehabilitation, including portable haptic interfaces for use, for
example, in a virtual environment. In majority these systems
are equipped with a fixed base and, therefore, are limited in
mobility.
All systems offer a so called “massed practice therapy”
paradigm but nonetheless the individual systems have, due
to their design, benefits, and drawbacks, in common that
they are quite focused on their application scenario. (The
“massed practice therapy” paradigm involves an intensive,
repetitive, frequent, and according to the principles of motor
learning oriented practice.) Essentially, restrictions can be

found in the range of symptoms, which can be treated, as
well as system mobility. Generally, it can be stated that the
systems are specialized for particular parameters and there is
no system, which fits to all kinds of patients in the same way
[13].
For example, the Swiss company Hocoma AG (Industriestrasse 4 CH-8604 Volketswil, Switzerland) provides a therapy
concept with three different rehabilitation systems for upper
limb rehabilitation. This therapy concept is based on taskoriented training scenarios in a virtual environment, which
facilitates treatment of neurological diseases of different
severity. The three therapeutic robots are ArmeoPower (former ARMin), a robotic arm exoskeleton [30], ArmeoSpring,
an exoskeleton with integrated spring mechanism (emerging
from T-WREX exoskeleton) [31], and ArmeoBoom, an overhead sling suspension system (emerging from the ROBAR
project) [32].
An example for an end-effector-based approach, which
is also widely used in modern therapy, is the InMotion
Arm Robot (former MIT Manus). This system simulates
the classical hand-to-hand therapy of a therapist with a
continuous measurement of position and force applied to
the arm of the patient. It is also equipped with a visual
feedback which allows addressing even complex tasks [33].
A drawback is that the system is stationary and restricted to
planar movements.
The mPower 1000 (Myomo, Inc. Cambridge, MA) is an
example for an active elbow orthosis system with one degree
of freedom, which is based on technology developments
from MIT. The device supports the elbow movement in
extension and flexion and is designed for home and clinical
use. It supports patients in their rehabilitation process who
suffer from the consequences of stroke, spinal cord injury, or
multiple sclerosis. The system is controlled by residual signals
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of the biceps and triceps with three possible support levels
[34].
Regardless of the type of rehabilitation device, most
systems own one of the three basic classes of rehabilitative
control strategies. These control strategies are referred to
as passive-assistance, assist-as-needed, and challenge-based
[35]. Focus of current research is mainly, on assist-as-needed
techniques, which support the user only as much as it
is necessary [36]. Within this context there is even the
possibility to act against the user’s movements and thus to
challenge the patient during task execution [35].
Another device group compensates physical limitations
in daily life of patients. A representative example of these
systems is the commercially available Wilmington Robotic
Exoskeleton (WREX), which relieves the weight of the arm by
elastic slings. Thus, the user is able to operate with exclusion
of gravity [37].
The project Ortho Jacket of the Karlsruhe Institute of
Technology (KIT) has the aim to develop an active orthosis
for patients with spinal marrow lesion in cervical vertebras
(C4 to C7). The orthosis is intended to enable movements
of the shoulder, elbow, and hand, in conjunction with a
wheelchair. The control of the individual degrees of freedom
is carried out via a joystick or via residual EMG signals of
shoulder and arm muscles [38].
The WOTAS orthosis is able to reduce symptoms of
tremor in the upper extremity. The orthosis has three active
degrees of freedom. With help of gyroscopes and force
sensors, the system is able to discern tremor and apply force
into the limb, in order to suppress it [39].
For active controlled orthosis systems different control
strategies are used. In [40] an orthotic exoskeleton for the
hand was controlled in terms of EMG with a threshold
approach. The EMG signal from the biceps of the contralateral arm was normalized using the maximum voluntary
contraction (MVC). The threshold for closing the orthotic
system was set around 50% of the MVC, and when deceeding
the threshold the system would open up again on its own.
In [41] a control model for a 7-DOF upper limb exoskeleton was developed based on the Hill-muscle model. This
model predicts the moment in a joint based on the activations, velocity, and lengths of muscles connected to this
joint. The raw EMGs are high pass filtered full wave rectified
and low pass filtered. Additionally, three formulas are used
to calculate the activations, velocities, and length of the
involved muscles. The predicted moments are used to control
the joints of the exoskeleton. In the previous work [42]
the group reported that the accuracy of their model for
flexion/extension of the elbow joint was 𝜌 = 0.88, where 𝜌
is the correlation of their predicted moment compared to the
reference moment.
In [43] a muscle model predicting the force produced by
the triceps muscles under varying electrical stimulation is
presented. The authors use a nonlinear Hammerstein structure for the models. They compare two parameter adaptation
algorithms, the Recursive Least Squares (RLS) and an adapted
online version called Alternately Recursive Least Squares
(ARLS). The best model fits are given as −10.02 for RLS and
87.92 for ARLS.
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Wearable haptic interfaces for use in a virtual environment, for example, rehabilitation, sport, or teleoperation
tasks, are developed in [44, 45] and in other research projects.
These portable exoskeleton systems can offer by parallel
kinematics, targeted force-feedback, and visual integration
a comprehensive virtual immersion within the application
scenario.

3. Active Orthosis
In order to reach the goals in rehabilitation described in
Section 1 and to study and transfer first rehabilitation concepts to exoskeleton technology, a demonstrator, which is
presented in this section, was designed.
3.1. Application Scenario. The therapeutic goal of the orthosis
is recovery of lost motor functions of the upper extremity
after neurological diseases.
The idea is to use the device in the early stage of treatment
to passively move the patient’s arm. With therapy in advanced
stages the residual muscle activity will be measurable again.
This low residual activity may not be sufficient for moving the
arm but may result in myoelectric signals. By measuring these
signals with EMG, they can be used to detect the patient’s
movement intent.
Further, these signals can be used to move the patient’s
arm in a self-motivated way. In later stages of treatment
the patient should regain more and more muscle strength.
Therefore, the orthosis has to adjust its assistance level via the
measured muscle activity, in a way that higher muscle activity
leads to a lower level of assistance.
The device can enable patients to perform the following
exercise modalities (which are based on the established and
evidence-based rehabilitation methods).
(i) Early and Intensive Practice. Start of the arm rehabilitation, for example, few days after acute stroke with a
high intensity, when indicated.
(ii) Repetitive Practice. Repetitive target movements
across various sequences.
(iii) Task-Oriented Training. Exercise oriented on everyday life situations, for example, in an exercise kitchen.
(iv) Independent Training. Therapeutic treatments with
intermittent supervision by the therapist.
The goal of the orthosis system is to achieve a therapy
session comparable to a guided session by a therapist, without
having him at site, and to motivate the patient for a constant
training. Figure 2 shows a possible training session which
deals with different movement patterns.
3.2. Mechanical Design. The current version of the system has
one active degree of freedom and four passive joints that are
required to compensate misalignments and one actuated joint
to support the flexion/extension movement of the elbow joint
(see Figure 3). The active joint is driven by a 24 V Maxon Amax 22 DC motor with a 333 : 1 Maxon planetary gear and a
4 : 1 worm wheel gear. For a natural force interaction, safety

6

Journal of Robotics

Figure 2: The patient is able to train independently various types
of exercise of daily life. A special shoulder strap increases the stable
seating of the orthosis, resulting in a better weight distribution.
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Figure 4: Design of the active orthosis.
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Figure 3: Mechanical design of the active orthosis. The red dots
represent the positions of the passive degrees of freedom.
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reasons and to measure the applied force interaction and the
actuated joint is compliant. This compliance is generated via
serial elasticity in the worm wheel gear setup. The worm is
axial moveable and centred in the gear via disc springs. In
case a load is applied, the worm is pushed to one side and,
thus, the spring is compressed on this side. The position of
the worm wheel is measured with a Balluff inductive sensor.
In this way the applied load can be calculated. The position of
the joint is measured with an IC-Haus-MH position encoder.
Furthermore, the used electronics consist of a
STM32F103VE microcontroller, offering several data acquisition (GPIO) and communication (USART, CAN-bus) ports,
and a BD6232 custom made PWM H-Bridge driver. The used
DC-drive can generate a torque of about 16 Nm.
To avoid any danger for the user, various safety aspects
are considered. To this end, the orthosis’ working range is
limited by mechanical stops. Furthermore, at too high forces
the forearm interface will release from the orthosis.
The active range of motion of the elbow orthosis corresponds to the anatomic workspace of the human joint and is
individually adjustable to each subject. If the position of the
joint exceeds the workspace limits defined for the user, the
reference torque is automatically set to zero and the system
can only be controlled via buttons.
Since an additional and unilateral load can represent
a major influence on, for example, neurological patients,
the orthosis’ weight with respect to the user must be kept
as low as possible. Therefore, the orthosis’ materials are a
combination of carbon reinforced plastics and polyamide
PA6, for a lightweight, robust, and stiff design. Additionally, a
carrying system was developed, which distributes the weight

𝜏s

d
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Figure 5: Block diagram of the torque control loop.

of the device on both shoulders. Figures 2 and 4 show the
current design concept of the orthosis.
3.3. Control Architecture. Several research groups have
described robotic devices for upper limb rehabilitation and
their strategies to control them in a user-oriented way. In [46]
the torque applied to the elbow joint of an upper extremity
exoskeleton is measured via a load cell, while the set torque is
calculated via muscle models. In a second step, the authors
derive four performance indices, in order to calculate the
magnitude of support by the exoskeleton from EMG data.
In [47] an impedance control scheme is implemented. Two
load cells in series estimate the joint torque which is fed into
a dynamic impedance function.
In the following, the torque control system of the proposed active orthosis will be presented. This can be visualized
in the simplified block diagram in Figure 5. Compared to the
systems mentioned above, the torque that is applied to the
orthosis’ joint is measured making use of the compliance in
the joint itself, as it will be further explained below.
The general control structure is designed to be cascaded,
while the main and inner loop of the control architecture is a
torque control loop. The DC-drive of the device is provided
with two disc springs performing the serial elasticity of the
drive. These springs deflect when load is applied to the joint.
One is used for movements that are directed upwards and one
for movements that are directed downwards. The inductive
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sensor detects this deflection 𝑑. With these measurements it is
possible to obtain a nearly linear function between the spring
deflection and the actual torque applied to the joint, 𝜏𝑎 . A
feature of this method is that it gives an accurate measurement for closed-loop actuator force/torque control without
the need for calculating or measuring the armature current
of the motor [48]. The set (desired) joint torque 𝜏𝑠 is fed
externally via USART port. At this time the reference values
are defined in a common PC, and later 𝜏𝑎 will be calculated
online using dynamic models presented in Section 5. The
difference between these two torques is the control error 𝑒,
which is propagated into an antiwindup PID controller. The
performance of the control system was verified with weight
discs in order to simulate values for 𝜏𝑎 , giving the corresponding 𝜏𝑠 to the system and resulting in an accurate balancing of
the weights. Furthermore, the resulting measured torque was
compared with the deflection-torque curve depicted above.
Alternatively, the orthosis can be manually operated via
two buttons at any time, supplying a constant voltage of
±15 V. This allows corrections and repositioning of the joint
if needed.

4. Material and Methods
4.1. Experimental Setup. This section describes the conducted experiments. The idea behind the experiments was to
obtain models that can help to study and to predict important
aspects of the behavior of the active orthosis.
All experiments were performed by one subject in an
upright position with EMG electrodes and orthosis equipped
to the subject’s right arm. A monitor on a table in front of
the subject was used to give commands (flexion, relaxation,
and extension). This stimulation was implemented with
the Presentation software (Neurobehavioral Systems, Inc.,
Albany, USA). The given commands were marked in the
measured EMGs. We designed three different experiments
which are explained in the following part.
Triggering the Orthosis. For this experiment the orthosis was
fixed in different positions in a range of [90, . . . , 180] degrees
in 10 degrees steps. In these positions the user performed
three different actions: flexion, relaxation, and extension of
the arm. Each action period took 5 s. The routine started with
a relaxation phase. Afterwards two alternating action combinations ((1) flexion/relaxation (2) extension/relaxation) were
executed 10 times each. The experiments were recorded
separately for each angle starting at 180 degrees. Between two
measurements a short break of 2 minutes was given to the
subjects.
This experiment was conducted to record data to build a
model that enables triggering the movement direction which
was intended by the user and is supported by the orthosis
as well as the relaxation phase where the orthosis stays in
a fixed position. The different starting positions were used,
since in each position the muscles are contracted to a different
amount, which leads to diverse signal shapes.
Level of Assistance (Flexion). For this experiment the orthosis
was operated in free-run mode. The operator had to lift
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weights in the range of [1, . . . , 4] kg in 1 kg steps. The
experiment started with the user’s arm being fully extended.
The subject had to flex and extend his arm for 10 times, each
action period was again 5 s. The experiments were recorded
separately for each weight starting with the lightest. Between
two measurements again a short break of 2 minutes was given
to the subjects.
This experiment was conducted to formalize a model
which can modulate the level of assistance provided by the
orthosis in dependence of the weight the operator has to lift.
Level of Assistance (Flexion and Extension). In contrast to the
previously explained experiment, here forces were applied in
both movement directions. The force was directly provided by
the orthosis in a range of [−2.0, . . . , 2.0] Nm in 0.5 Nm steps.
Note that a negative torque extends and a positive torque
flexes the orthosis and a torque of zero is complementary to
the free-running mode.
This experiment was conducted to formalize a model
which can modulate the level of assistance provided by the
orthosis in dependence of induced force and movement
direction.
4.2. Acquisition and Processing of EMG and Orthosis Data.
This section describes how muscle activity was measured and
processed in order to use it as a control signal for the orthosis.
Since the orthosis is designed to actively flex and extend the
operators forearm, EMGs were measured at the biceps and
triceps, which are the muscles mainly involved in the process
of flexion and extension. Ag/Ag-Cl electrodes were placed
in a bipolar arrangement on the middle of the muscles in
direction of the muscle fibers. The signals were acquired with
a sampling frequency of 1000 Hz using a BrainAmp ExG MR
amplifier (Brain Products GmbH, Gilching, Germany).
The EMGs were preprocessed in two consecutive steps.
First a variance based filter [49] was applied. This filtering step
eliminates motion artifacts and enhances the signal-to-noise
ratio of EMG signals. The length of the filter was set to 50 ms.
Basically a sliding window of length 50 ms is passed to the
signal with a step width of 1 ms. The variance of the whole
window is assigned as the new value of the last sample inside
the window, resulting in the filtered signal. In a second step
the Root Mean Square (RMS) of the signal was calculated. For
the calculation, again a window of 50 ms was used, but in this
case the step width was chosen as 50 ms so that the windows
did not overlap. The resulting signal had a frequency of 20 Hz.
In this way we obtained the same sampling frequency as the
sensors of the orthosis.
In addition to the EMGs, we recorded sensor values from
the orthosis. These are the position and the force induced
into the orthosis by the operator’s arm. The signals were
acquired with 20 Hz and sent via RS-232 to a computer
where they were stored. In order to synchronize the EMG
and sensor data, we marked the beginning and end of the
orthosis measurements in the EMG. Since the preprocessed
EMGs have the same sampling frequency as the orthosis
sensor data, the corresponding EMG part could be cut and
merged into one time series together with the sensor data. The
processing was done with MATLAB 2009a (The MathWorks
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Inc., Natick, USA). For loading the EMG data the EEGLAB
toolbox (Swartz Center for Computational Neuroscience, San
Diego, USA) was used.
4.3. System Identification with the RLS Algorithm. In the
field of system identification the Recursive Least Squares
(RLS) method is a basic estimation method [50]. Its principle
is simple and relatively easy to use. In most of the cases
the algorithm delivers high accuracy, fast convergence of
parameters, and high modelling efficiency. What also makes
this algorithm attractive is the fact that it can easily be
extended for identification of more complex and nonlinear
models.
Let 𝑡 be the actual time step. The general structure of the
RLS algorithm is given by
𝜃̂ (𝑡 + 1) = 𝜃̂ (𝑡) + 𝐹 (𝑡 + 1) 𝜙 (𝑡) 𝜀0 (𝑡 + 1)

𝐹 (𝑡) 𝜙 (𝑡) 𝜙(𝑡)𝑇 𝐹 (𝑡)
1 + 𝜙(𝑡)𝑇 𝐹 (𝑡) 𝜙 (𝑡)

(2)

and the prediction error
̂ 𝑇 𝜙 (𝑡) .
𝜀0 (𝑡 + 1) = 𝑦 (𝑡 + 1) − 𝜃(𝑡)

(3)

𝜃̂ is the vector of computed model parameters.
Furthermore 𝜙(𝑡) is the predictor regressor vector or the
vector of measurable signals, in which the real input values
𝑢(𝑡) and the real output values 𝑦(𝑡) are fed:
𝑇

𝜙(𝑡) = [−𝑦 (𝑡) , 𝑢 (𝑡)] .

(4)

Finally, the model output 𝑦̂ is computed as follows:
̂ + 1)𝑇 𝜙 (𝑡) .
𝑦̂ (𝑡 + 1) = 𝜃(𝑡
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It is common to provide the adaptation gain with a
forgetting factor, in order to improve performance.
This method is widely used in engineering for identification of several dynamic systems, for example, electromotors.
For a more detailed description and an example of the use of
this algorithm for identification of a nonlinear model, please
see [51].
Using our own MATLAB implementation of the RLS
algorithm, and following the experiment descriptions in
Section 4.1, models of important dynamic relationships of
the active orthosis were identified. The parameters of the
models were adapted, in specific, with (1). The motivations
for the identification of the models presented in the following
paragraphs were that particularly in rehabilitation, on the one
side, the need for an accurate discrimination of movement
direction is of major importance and, on the other side, the
requirement of a correct computation of the level of support
currently needed by the user, according to all measurable
states of the system, including muscular states.
Multi-input, single output (MISO) model structures were
chosen for identification. The learning set always consisted
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Samples

Real output
Model output

(1)

with the adaptation gain:
𝐹 (𝑡 + 1) = 𝐹 (𝑡) −

Triggering signal (direction of movement)

8

Figure 6: Modelling of the activation function of the orthosis. The
real function (blue) is compared with the modelled function (red).
Model fit reaches over 99%. In this example the orthosis was fixed at
90∘ angular position.

of the first half of samples available and the validation set of
the second half. Both muscle (EMG) and device information
were used. The four inputs of the model are the preprocessed
EMGs of the triceps and biceps EMGtri and EMGbi , the torque
applied on the orthosis’ joint measured via the displacement
of a disc spring 𝜏spring , and the angular position values of the
orthosis 𝜃.

5. Results
In this section the experimental results are presented. First,
the triggering function of the orthosis, which defines when
and in which direction the system should move, was approximated. Consider the following:
𝑦1 mod =

−3.2251 ⋅ 10−7 𝑧 + 6.5147 ⋅ 10−8
⋅ EMGtri
𝑧3 − 0.9717𝑧2 − 0.0163𝑧 − 0.001
+

−2.0212 ⋅ 10−6 𝑧 + 5.3232 ⋅ 10−7
⋅ EMGbi
𝑧3 − 0.9717𝑧2 − 0.0163𝑧 − 0.001

+

0.0135𝑧 − 0.0104
⋅𝜏
𝑧3 − 0.9717𝑧2 − 0.0163𝑧 − 0.001 spring

+

−1.9671 ⋅ 10−6 𝑧 + 1.2784 ⋅ 10−6
⋅ 𝜃.
𝑧3 − 0.9717𝑧2 − 0.0163𝑧 − 0.001

(6)

The resulting model of the triggering function 𝑦1 mod ,
given by (6), fits the real triggering function excellently (mean
absolute error less than 0.001) and can be seen in Figure 6.
Here, a value of −1 represents a triggering of an extension
movement, a value of 1 represents a triggering of a flexion
movement, and a value of 0 corresponds to the resting state
(no triggering). One can see, from these figures, that the
biggest model errors are reached at the phases with no active
movement. We assume this is due to sensor noise in the used
magnetic position encoder.

Journal of Robotics

9
Model output compared with real level of support needed
100
80
60

0

100 200 300 400 500 600 700 800 900 1000
Samples

Level of support (%)

Triggering signal
(direction of movement)

Model output compared with real activation function
1
0.8
0.6
0.4
0.2
0
−0.2
−0.4
−0.6
−0.8
−1

40
20
0
−20
−40
−60

Real output
Model output

−80
−100

Figure 7: Modelling of the activation function of the orthosis. The
precision of the model can be seen in this enlargement.
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Figure 9: Modelling of the support function of the orthosis. The
real function (blue) is compared with the modelled function (red,
dotted). Model fit reaches over 99%.
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direction (Figure 8). That is the reason why in a second step
it was decided to generate counterforces in both up and
down directions (and, thus, to compute the level of support
in both directions) over the orthosis’ torque control loop,
obtaining again excellent results. Here, 100% level of support
corresponds to 2 Nm and −100% level of support corresponds
to −2 Nm. Consider the following:
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Figure 8: Modelling of the support function of the orthosis,
experiment 1. The level of support is only calculated for the upward
direction.

For better visualization, an enlarged fragment of the
results can be seen in Figure 7. At about 750 samples the
model output shows a bigger noise component. At this point
at least one of the muscles could not reach the relaxation state
entirely. Even in this situation the model handles the signals
in an acceptable way.
Further, a second model that can help to determine the
level of support needed from the orthosis was identified. The
input signals chosen are the same as in the first model. In
order to determine the real level-of-assistance function, in a
first step experiments were performed with different external
weights carried with the hand while moving the arm with the
device (see Section 4.1).
The drawback of this experimental setup is that it is
almost only useful to obtain biceps data, since the counterforce exerted by the weights is always acting in one

𝑦2 mod =

1.0278 ⋅ 10−8 𝑧 + 7.4272 ⋅ 10−9
⋅ EMGtri
𝑧3 − 0.8757𝑧2 − 0.1104𝑧 − 0.0138
+

1.0294 ⋅ 10−7 𝑧 − 1.0769 ⋅ 10−7
⋅ EMGbi
𝑧3 − 0.8757𝑧2 − 0.1104𝑧 − 0.0138

+

0.002𝑧 − 0.0029
⋅𝜏
𝑧3 − 0.8757𝑧2 − 0.1104𝑧 − 0.0138 spring

+

−4.7578 ⋅ 10−5 𝑧 + 4.6896 ⋅ 10−5
⋅ 𝜃.
𝑧3 − 0.8757𝑧2 − 0.1104𝑧 − 0.0138

(7)

The resulting model of the support function 𝑦2 mod is
given by (7). The performance of the modelling algorithm
can be seen in Figure 9. One can see that the prediction error
is bigger at the beginning of the measurements. These are
the first samples of the learning set and one can observe the
modelling algorithm converging after 2000 samples. This initial error could probably be reduced with further fine-tuning
of initial model parameters. Throughout the validation set,
only isolated deviations, which are not significant (caused by
sensor noise), can be seen.
The precision of the model can be better observed in the
enlargement shown in Figure 10.
In both experiments a high model fit could be reached. A
big contribution to that is the fact that the measurable signals
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Figure 10: Modelling of the support function of the orthosis,
enlarged view.

used to identify the models, especially the EMG signals, were
properly preprocessed, so that it was possible to work with
largely clean signals. This is very important, since the RLS
algorithm reacts sensitively to noise contaminated signals.
Furthermore, the high model fit is also an indicator of a strong
correlation between the inputs and the desired output signal.
Compared to the Hill model in [46] the proposed blackbox model is significantly easier to formalize mainly in two
aspects. The first one is the preprocessing of the myosignals
since the used here variance filter works in one step compared
to a two-filter preprocessing. The other point is that for
the formalization of the models presented in this paper the
signals are directly fed into the identification algorithm, while
in [46] important variables, for example, the length of the
muscles, have to be computed first in some steps before
computing the output of the model.
Compared to the work presented in [43], in which the RLS
algorithm compared to an adapted form of the same is used
for identification, our proposed model structure is simpler,
since we have formalized linear models which generally
have a lower computational complexity than (Hammerstein)
nonlinear models. Further, it has to be stressed that the experimental setup used in [43] is different, since electrical stimuli
given to a fixed upper extremity were measured instead of
EMG, while the torque is measured via a force/torque sensor
installed at a padded hand grip.
Nevertheless, in contrast to the two above-mentioned
studies, where the torque produced by the muscles was
computed, in the present work, control signals as well as the
torque needed for assisting the user were modelled.

6. Conclusions and Outlook
In this work we presented some background information and
facts that support the use of robotic systems for rehabilitation
processes. Further, an overview of exoskeleton technology
was given. Starting from this knowledge, concepts on the
feasibility of exoskeleton technology for home rehabilitation
were given and discussed by means of a demonstrator, an
active 1-DOF-elbow orthosis. Its possible application, design

and mechanics, and control were presented. To summarize,
the system allows supporting self-initiated movements that
are normally executed by both upper arm muscles M. biceps
brachii or M. triceps brachii.
Two dynamic models, identified with the RLS algorithm,
were shown. The first one computes the triggering function
of the system from the muscle and sensor information from
the orthosis, while the second one computes a function
describing the level of support needed to counteract external
forces. Both models show excellent performance in matching
the real signals.
The next step is to integrate the obtained models into the
orthosis’ control system, turning it into a model-based control scheme. It is expected that with the predicted triggeringand torque-assistive function the control system of the active
orthosis will improve in two points: in the discrimination of
time and direction of movements and on the other side in
the precision at defining proper assistive set torque values,
according to the current state of all measurable signals in the
system.
The derived models are patient and session-specific and
therefore have to be trained individually. EMGs of a single
subject may vary from session to session, due to slightly different electrode positions or resistances and due to different
levels of muscle fatigue. Effects between subjects are likely
even bigger, since the physical conditions of the muscles are
completely different.
Nevertheless, in the future we will investigate the transferability of a model from one subject to another or work into the
direction of adaptive models. Further, the model reliability for
more natural movements will be evaluated. It can be expected
that the parameters of the presented models derived with
data acquired under a controlled setting will vary for natural
movements. However, the model structure might remain the
same. Follow-up experiments with daily life task, for example,
grasping a glass, getting up from a chair, or lifting items, are
planned to verify this.
Nonetheless, the presented results are very promising,
in terms of the control accuracy of orthotic systems driven
by myoelectric signals and sensor data from the device
itself. In particular, the automatic adjustment of assistance
regulated by the means of EMG leads into the direction of
an autonomous assist-as-needed home rehabilitation system.
Finally, the design of the next version of the system is
currently under development. From the electromechanical
point of view it is intended to use a brushless DC (BLDC)
motor in combination with a harmonic drive. Advantages of
harmonic drives are among others high torque capacity with
compact and lightweight designs, as well as zero backlash. In
this case the torque will be measured via the motor’s current.
An important point will be to give some kind of feedback to
the user on the effects of the rehabilitation process.
In order to give the system full mobility, the power will
be supplied via battery packs, which will be installed in a
decentralized module that may be carried at the lower back of
the user. This is located close to the human center of gravity
and, therefore, minimizes the load that is put on the user.
One possibility of a redesign of the system can be seen in
Figure 11.
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Figure 11: One possible design for the future version of the active
orthosis.

Figure 12: One possible redesign for the future version of the active
orthosis—back perspective.

Figure 12 shows the design from the back perspective,
including the battery packs.
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The developed exoskeleton device (Exorn) has ten degrees of freedom to control joints starting from shoulder griddle to wrist to
provide better redundancy, portability, and flexibility to the human arm motion. A 3D conceptual model is being designed to make
the system wearable by human arm. All the joints are simple revolute joints with desired motion limit. A Simulink model of the
human arm is being developed with proper mass and length to determine proper torque required for actuating those joints. Forward
kinematics of the whole system has been formulated for getting desired dexterous workspace. A proper and simple Graphical
User Interface (GUI) and the required embedded system have been designed for providing physiotherapy lessons to the patients.
In the literature review it has been found that researchers have generally ignored the motion of shoulder griddle. Here we have
implemented those motions in our design. It has also been found that people have taken elbow pronation and supination motion as
a part of shoulder internal and external rotation though both motions are quite different. A predefined resolved motion rate control
structure with independent joint control is used so that all movements can be controlled in a predefined way.

1. Introduction
It is seen that a major stroke is viewed by more than half
of those at risk as being worse than death. Paralysis is
caused due to complete loss of muscle function. In both
cases patients have stiff muscles which restrict them from
any physical movement of the affected part. Even the patients
suffering from spinal cord injury or several nerve diseases
may also lose their muscle strength gradually. According
to Krakauer [1] the degree of improvement at 6 months
is best predicted by the motor deficit at 1 month despite
standard rehabilitative interventions in the ensuing 5 months.
It is already proved that if they are under the process of
rehabilitation for several months after stroke, their active
range of motion as well as muscle strength can increase
significantly. The training includes all the orthopedic and
neurological lessons so that it is effective to the human muscle
treatment. The rehabilitation training is generally performed
by a physiotherapist, but the duration of the training is not
adequate due to the fatigue of the therapist. It is observed that
a physiotherapist can perform the training for 8–10 hours a
day and can provide service to 2 to 3 patients at a very high

cost. They may even omit certain exercises which are essential
to the patients. The person also does not get repetitive and
accurate movement sessions in case of a manual interaction.
Considering time, cost, repeatability, reproducibility, and
accuracy, robotically assisted rehabilitation process is far
better than human assisted training process. Several assistive
devices like ARMin, MEDARM, and SMA are already being
developed for the rehabilitation process. But each one of them
has several advantages and disadvantages. The purpose of
Exorn is to provide maximum degree of freedom so that the
device becomes as redundant as human hand and can provide
better rehabilitation process in future.

2. The Literature Review
Until now two types of design are being proposed. First one
is an exoskeleton structure connected to a base platform
from where all the actuators are being controlled taking the
platform as a reference. Second one is a portable structure
wearable by a human. First one is a bulky system like ARMin
[2], MEDARM [3], and Sarcos Master Arm [4] where the
motion is stable, but it cannot be effective as an assistive
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device for the paralyzed people. Also there is a problem of
misalignment of the system with the human hand at the
time of joint movement due to which there is a possibility
of injury [5]. In some design the number of degree of
freedom is restricted to certain directions [6]. It will omit
certain necessary movements which are very much needed
for the proper rehabilitation process including solder griddle
movement. Hydraulic and pneumatic actuators/devices like
NEUROExos [7] have a big cylinder and pump connected
with it to provide actuation signal. This kind of system is
impossible to relocate with the human movement to make
system portable.
Mistry et al. have already carried out experiments on
joint space force field trajectories [4] to estimate kinematics
and dynamics of the human arm with several trails in case
of 3D movement of the human arm. Parallel manipulators
have a problem of high stiffness and range of motion with
several restrictions. In case of a serial manipulator if the
offset between actuators is less then it acts like a joint with
several DOFs. Yang et al. control puma manipulator using
arm exoskeleton because control system is quite the same for
both the cases [9]. Pneumatic and hydraulic system are used
for actuation. electroactive polymer (EAP) has been used for
haptic device. Ball et al. have developed actuation system
using cables which in reverse increases the stiffness factor by
10 to 12 [6]. So it is expected that motor driven system should
be used to make the exoskeleton robot simple. Researchers
are also trying to control the actuation through EMG sensors
using fuzzy algorithm [10]. Generally impedance control is
usually implemented in which the Cartesian forces applied
at the joint are converted into joint torque commands using
the Jacobian [1] matrix. The main disadvantage of impedance
control is that good force replication requires compensation
of the natural dynamics of the exoskeleton, such as gravity
loading and drives frictions. The Exoskeleton Arm-Master
[12] and the L-EXOS Exoskeleton [13] are classic examples of
exoskeletons that use this approach. An alternative approach
of joint control is called “admittance” control which is primarily used to control manipulators used as large reach haptic
devices. However, it has the major drawback of instability for
high admittance (low impedance), which is the opposite of
impedance control [14]. The Sensor Arm [15] is an example
of an exoskeleton implementing this approach.

3. Mechanical Model
The whole structure is made of Perspex which is lighter in
weight and much hardy than any other similar material.
High torque DC geared motor is used for controlling the
joint movements of shoulder griddle, glenohumeral joint,
and elbow joint for gross positioning. For the motion of
wrist joint small BLDC servo motor is being used for fine
positioning. Gear drives are made of Nylon 101 material.
As there are some joint limitations because of mechanical
constraints, it cannot give the same motion as human joint
range as shown in Table 1. In few locations suspensors are
used to sustain any jerk and to incorporate the variation
of link. Human joint of two or more degrees of freedom is
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Figure 1: Total exoskeleton system.

Figure 2: Manufacturing model of exoskeleton.

being replaced by serial manipulator with several actuators.
The offset between those actuators is less so that it can act
like a single joint actuator with several degrees of freedom.
The axis of rotation of human joint has been considered for
placement of the actuators. In this model, the length of upper
arm and forearm supporting link can be varied according to
the different human arm length. The CAD model of Exorn
and manufactured model are shown in Figures 1 and 2. The
other parts of exoskeleton structure and its manufactured
models are shown in Figures 3, 4, 5, 6, 7, 8, 9, and 10. From
those given figures the design of any particular joint model
can be analyzed.
Shoulder griddle is one of the vital joints with two degrees
of freedom. Actuator 1 is used for giving the elevation and
depression motion in vertical direction and actuator 2 is used
for scapular abduction and adduction in horizontal direction.
For elevation and depression screw nut mechanism is being
used. Glenohumeral joint is a ball-socket joint having three
degrees of freedom. The actuators required for giving the
motion to this joint are shown in Figure 5. Actuators 3 to
actuator 5 are DC motors used for three different rotations.
Actuator 6 is a BLDC motor used for shoulder internal and
external rotation. One hollow cylindrical spur gear meshes
with a small pinion gear which is driven by actuator 6.
The length between shoulder joint and elbow is changeable.
Actuator 7 is a DC motor used for controlling elbow flexion
and extension as shown in Figure 7. The same kind of
technique is applied for forearm pronation and supination as
that happened in the case of shoulder internal and external
rotation. A suspensor is attached to upper portion of elbow
joint to make it jerk-free and incorporate the change in arm
length. Wrist joint has two degrees of freedom in two planes.
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Elevation and depression
of shoulder griddle
Actuator 2
Suspensor

Scapular abduction
and adduction

DC geared motor used for
forward flexion and
extension

Conversion of rotational
motion into linear motion
through screw jack
Horizontal abduction
and adduction

Actuator 1
DC geared motor used for
vertical abduction and
adduction

Variable adjustable
upper arm structure

Figure 3: Shoulder griddle joint model.
Figure 6: Manufactured model of glenohumeral joint.

DC geared motor

Shoulder external
Adjustment for variable
and internal rotation
upper arm length

Scapular abduction
and adduction

Horizontal
abduction and
adduction

Hand rest for
forearm

Suspensor
Elbow flexion
and extension
Actuator 7

Conversion of rotational motion into
linear motion through screw jack

Figure 7: Elbow joint model.

Actuator 1

Actuators 9 and 10 are used for providing those motions. Here
we can see that all the actuators are dedicated to give the
motion in all directions according to the different movements
of human arm as shown in Figure 11.
Weight of the Prototype: 5 kg.
Figure 4: Manufactured model of shoulder griddle.

Specification of the DC Geared Motor
Weight—500 gm

A
B

Speed—10 rpm

Actuator 3

Torque—100 kg-cm at 4 ampere (Max).

D

C
Actuator 6

Actuator 4

Suspensor
Adjustment for variable upper
arm length
Actuator 5

Specification of BLDC Motor
Company-Faulhaber
Weight—500 gm
Speed—10 rpm

(A) Horizontal abduction and adduction
(B) Vertical abduction and adduction
(C) Forward flexion and extension
(D) External and internal rotation

Figure 5: Glenohumeral joint model.

Torque—100 kg-cm at 4 ampere (Max).
Gears are made up of Nylon 101. Structures are used
for twisting moment at human elbow and wrist with the
help of gear arrangement which provide better flexibility and
strength.
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Forearm structure

BLDC motor used for elbow
pronation and supination

BLDC motor
Gear arrangement
for shoulder external
and internal rotation

Suspensor

BLDC motor used
for palm flexion
and extension

DC geared motor for
elbow flexion and
extension

Hand rest

Figure 8: Manufactured model of elbow joint.

Actuator 8

BLDC motor used
for palm radial and
ulnar deviation

Elbow pronation Actuator 10
and supination

Figure 10: Manufactured model of wrist joint.
Adjustment for
variable forearm
length

Palm
flexion and
extension

Specification of Perspex (TM) GS Acrylic Cast Sheet

Palm radial and
ulnar deviation
Actuator 9

Tensile strength: 75000000 N/m2
Hand rest

Density: 1190 Kg/m3 .

Figure 9: Wrist joint model.

Size of the Exoskeleton. The size of the exoskeleton (approximately 96.73 cm) has been taken as per the standard length of
a human arm and it can be varied from person to person:

Specification of Nylon 101
Tensile strength: 79289709 N/m2

Length of shoulder griddle: 0.129𝐻

Mass density: 1150 Kg/m3

Length of upper arm: 0.186𝐻

Elastic modulus: 1000000000 N/m2
Yield strength: 60000000 N/m

2

Turn ratio at the elbow joint: 35 : 8
Turn ratio at wrist joint: 15 : 4.
At the shoulder joint bush is used to provide the support
to the joint motor axis. It is made up of brass to reduce
the wear and tear between perspex and motor spindle. One
cylindrical rod of the same material moves inside the bush
and provides the support to the other end of structure at the
time of joint flexion and extension.
The whole body of Exorn is made up of perspex. It is
hardy and elastic. It gives less weight in respect to aluminum.
Perplex sheet is cut into different pieces and attached with
each other through industrial gum and nut (M4 thread).
Three different thickness perspex sheets have been used for
the structure. Higher width is used at the arm structure to give
better support and the lower one is used for hand structure:
Type 1—Width 5 mm
Type 2—Width 10 mm
Type 3—Width 20 mm.

Length of forearm: 0.146𝐻
Length of hand: 0.108𝐻.
Here 𝐻 is defined as the height of the human arm and if
we consider the height of a standard human as 170 cm, the
length will be approximately 96.73 cm. Obviously the length
of human arm is different from person to person. But as we
have made a physical system, we have taken the standard
length. But the system has a provision so that it is wearable to
all the people of variable arm length which has been discussed
in the portion of mechanical model.

4. Kinematic Analysis of Exorn
Kinematic model of Exorn is designed according to the
anthropometric data of standard human arm. The mechanical structure is such that it can align with human arm and can
provide the desirable joint motion. Some mechanical barrier
is located to restrict the joint from hyperextension. Here the
forward kinematics of the whole system is discussed which
provides the end point position and orientation due to several
joint motions. It is basically acting as a series manipulator. The
kinematic relation of a manipulator is represented by 𝑥̇= 𝐽𝜃.̇
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Elevation
40∘

Abduction
180∘

Extension
15∘
0

0

10∘
Depression

20∘
Flexion

Flexion
180∘

20∘
Adduction
0

Horizontal
abduction
135∘
Lateral
20∘

Extension
60∘

60∘
Medical
rotation

∘

0

45
Horizontal
adduction

0
Ulnar deviation
45∘
Extension
∘
80

0
Flexion
140∘

0

Radial deviation
15∘

0
80∘
Flexion

Extension
0∘

90∘
Pronation

80∘
Supination
0

0

Figure 11: Different motions of human arm.

𝑥̇is the 𝑚 dimensional vector specifying the task velocity
of end effector. 𝜃̇is 𝑛 dimensional vector representing the
joint velocity. 𝐽 is the 𝑚 by 𝑛 Jacobian matrix. For a redundant
manipulator 𝑛 is always greater than 𝑚. Here the kinematic
redundancy is 3.
4.1. D-H Parameter of the 3D Model. To do kinematic analysis
of the whole system it is essential to derive D-H parameter
of the whole system. The coordinate system of the whole
structure is shown in Figure 12. The coordinate structure of
the exoskeleton system is based on 3D conceptual model
of Exorn. D-H parameters of the structure are shown in
Table 2. It is essential to calculate the position and orientation
of the end point in 3D space with respect to the reference
coordinate.
4.2. Transformation Matrix Generation. For getting the position and orientation of the end point of Exorn system
homogeneous transformation matrix is considered. Each
homogeneous transformation matrix was calculated for the
position and orientation of present frame with respect to the
previous frame. It is a 4 × 4 matrix. The column 𝑖−1 𝑑𝑖 is
position of the end point and 𝑖−1 𝑅𝑖 is the orientation of end
point in 3D space. The transformation matrix is 𝑖−1 𝐴𝑖 :
𝑖−1

𝐴𝑖 = [

𝑖−1

𝑅𝑖
0

𝑖−1

𝑑𝑖 ] .
1 4×4

(1)

The homogeneous matrix is being explained as
𝑖−1

𝐴 𝑖 = 𝐷𝑧𝑖−1,𝑑𝑖 ∗ 𝑅𝑧𝑖−1,𝜃𝑖 ∗ 𝐷𝑥𝑖−1,𝑎𝑖 ∗ 𝑅𝑥𝑖−1,𝛼𝑖
cos 𝜃𝑖 − sin 𝜃𝑖 cos 𝛼𝑖 sin 𝜃𝑖 sin 𝛼𝑖 𝑎𝑖 cos 𝜃𝑖
[ sin 𝜃𝑖 cos 𝜃𝑖 cos 𝛼𝑖 − cos 𝜃𝑖 sin 𝛼𝑖 𝑎𝑖 sin 𝜃𝑖 ]
],
=[
[ 0
sin 𝛼𝑖
cos 𝛼𝑖
𝑑𝑖 ]
0
0
1 ]
[ 0
𝑖−1

𝑖−1

𝑎𝑖 cos 𝜃𝑖
𝑑𝑖 = [ 𝑎𝑖 sin 𝜃𝑖 ] ,
[ 𝑑𝑖 ]

cos 𝜃𝑖 − sin 𝜃𝑖 cos 𝛼𝑖 sin 𝜃𝑖 sin 𝛼𝑖
𝑅𝑖 = [ sin 𝜃𝑖 cos 𝜃𝑖 cos 𝛼𝑖 − cos 𝜃𝑖 sin 𝛼𝑖 ] .
sin 𝛼𝑖
cos 𝛼𝑖
[ 0
]

(2)

For calculating the homogeneous matrix due to 10 degrees of
freedom the 10 homogeneous matrixes are been multiplied
sequentially. The final matrix is 𝑇 which is represented as
𝑇 = 0 𝐴1 × 1 𝐴2 × 2 𝐴3 × 3 𝐴4 × 4 𝐴5 ⋅ ⋅ ⋅ × 9 𝐴10 .

(3)

The calculation can be made easy by dividing the total
multiplication into two parts such that 𝑇 = 0 𝐴5 × 5 𝐴11 . As
it is a 10 DOF system. Finally 𝑇 matrix of the end point of
Exorn is represented with respect to reference and its upper 3
values of last column are position vector of end point related
to world frame.
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y1
x1

a1

x2
z2

Table 1: Comparative study between joints of human arm and
Exorn.

a2
y2
d2
z3

Actuator
number

a3

x3

y4

y3
z5

x4

d3

Actuator 1

a4

z4

x5

Actuator 2

Actuator 3

a5

Actuator 4
d5

Actuator 5
z6
y6

x6

Actuator 6

d6

y7

x7

Actuator 7

z7

Actuator 8

Actuator 9
d7

a7
y8

x8

z8
d9

Actuator 10

Human joint Exorn range
range (Deg)
(deg)
Shoulder griddle movements
Elevation
40
30
Depression
10
10
Scapular abduction
20
20
Scapular adduction
15
15
Shoulder joint movements
Horizontal abduction
135
90
Horizontal adduction
45
45
Vertical abduction
180
160
Vertical adduction
20
0
Forward flexion
180
90
Forward extension
60
60
External rotation
90
90
Internal rotation
20
20
Elbow joint movements
Elbow flexion
140
120
Elbow extension
0
0
Forearm pronation
90
90
Forearm supination
80
80
Wrist joint movements
Palm radial deviation
15
10
palm ulnar deviation
45
30
Palm flexion
80
80
Palm extension
80
80
Movement

Table 2: D-H parameter of Exorn.

z10

y10
x9 d8

x10

y9

z9

z11

y11
x11

d10

Figure 12: Coordinate system of 3D model.

5. Simulation Model of Human Arm
A human arm model is being made in Simulink to determine
the required torque to move a joint. The length of upper
arm, lower arm, and hand is considered according to the
anthropometric data of standard human arm. The inertia
matrix of each segment is determined according to the mass
of that segment and length of the centre of gravity from
the proximal end as per Table 3. In Simulink, it is possible
to provide motions in terms of velocity to joint actuator
and from the joint sensor torque level change is noted.
The Simulink model of human arm is shown in Figure 13.
Maximum amount of torque is needed to move those joints
which are in vertical direction. Here only joint motion
related to shoulder, elbow, and wrist flexion and extension
is considered. Next those internal and external rotations are

𝑎𝑖 (cm)
10
12
6
3
31
0
3
0
0
0

𝛼𝑖 (deg)
90
0
90
−90
0
90
0
90
−90
0

𝑑𝑖 (cm)
0
5
2
0
−2.5
6
35
2.5
4
8

𝜃𝑖 (deg)
Θ1
Θ2
Θ3
Θ4
Θ5
Θ6
Θ7
Θ8
Θ9
Θ10

being taken care of. In exoskeleton system those motions
cannot be controlled from the fixed end due to its twisting
type. Therefore the end effector should be rotated with respect
to fixed end.
The Simulink blocks used for making the human arm
model are shown in Figures 14 and 15. A joint actuator block
is connected to provide the actuation signal and joint sensor
block is attached to measure the computed torque. In order
to make a joint with several DOFs, several bodies of zero
mass and zero length with actuator block of different axis of
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(a)

(b)

Figure 13: (a) Simulink model of human hand, (b) human hand position at zero position.

x
To workspace
Out1
Conn1

B

CS1

F

Conn1Out2

Body2

Weld

Ground

CS17

Conn2

Conn2
Out3

Out1
Conn2
Conn1

Conn3

z
To workspace2

Conn3
Conn4
Conn5

Conn1

Wrist joint

Conn2 Conn4

Elbow joint

Shoulder joint

To workspace1

Out3
Subsystem

Out2

y

Conn3
Finger

Display3

In1 out1
Subsystem3

Display9

Display12

In1 out1

In1 out1
Subsystem6

Subsystem9

Figure 14: Human arm model in Simulink.

rotations are connected. Here in Figure 15 body 1 and body
2 have zero length and zero mass. Only body 3 is the actual
body. It is under every human arm joint. Body sensor is
attached at the end point to get points in 3D space at the time
of motion.

6. Embedded System
A PC based control system is being developed to provide
particular orthopedic lesson. First of all command signal
from PC is transmitted to the master controller. Master
controller activates those joints which are needed to achieve
the desired motion. It sends the command bits in a package
through serial communication. Enable signal is being sent to

all the local controllers, but only few are being activated as per
command with the help of multiprocessor communication
technique. All the motor controllers are connected in a
daisy chain network that means 𝑇𝑥 and 𝑅𝑥 pins of master
controller are connected to all 𝑅𝑥 and 𝑇𝑥 pins of each
controller, respectively. Each controller has a particular node
as an activating signal. When the master controller sends the
activation signal, the particular motor controller with that
particular node is activated.
The interfacing circuit between microcontroller and
motor driver is shown in Figures 16(a) and 16(b). Driver IC
has 4 input pins and 2 enable pins. Here all the inputs pins and
enable pins are connecting to port 0 and port 1. Here all the
enable pins are sorted and connected through one port pin.
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Figure 15: Block diagram below each human joint.
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Figure 16: (a) Schematic design of interfacing circuit between microcontroller and motor driver. (b) Developed interfacing circuit of
microcontroller.

In this case all the enable pins become activated at one time.
So the motion of motor can be controlled by changing driver
inputs. Those inputs are amplified from 5 V to 12 V to run the
motor in clockwise and anticlockwise manner (Figure 17). As
shown in the figure one dedicated 7805 IC (Voltage regulator)
is connected to microcontroller for 5 V power supply. A serial
IC MAX232 is connected to the microcontroller to convert

the RS232’s signals to TTL voltage levels that is acceptable to
8051 microcontroller 𝑇𝑥 and 𝑅𝑥 pins.
A bidirectional H bridgeDC motor control circuit is
shown in Figures 17(a) and 17(b). The circuit is based on
the IC L298 from ST Microelectronics L298. It is a dual full
bridge driver that has a wide operating voltage range and
can handle load currents up to 3A. The IC also features low
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Figure 17: (a) Schematic design of motor driver circuit. (b) Developed motor driver circuit.

Table 3: Segment mass and lengths of human arm [8].
Segment
Hand

Segment mass/total body mass
0.006

Centre of mass/segment length

Radius of gyration/segment length

Proximal

Distal

CM

Proximal

0.506

0.494

0.297

0.587

Distal
0.577

Forearm

0.016

0.430

0.570

0.303

0.526

0.647

Upperarm

0.028

0.436

0.564

0.322

0.542

0.645

Forearm and Hand

0.022

0.682

0.318

0.468

0.827

0.565

Total arm

0.050

0.530

0.470

0.368

0.645

0.596

saturation voltage and over temperature protection. In the
circuit diodes D1 to D8 are protection diodes. The state of the
motor depends on the logic level of the pins 5, 6, and 7 and
10, 11, and 12 and it is described in the table shown below the
circuit diagram.
The diodes D1 to D4 and D5 to D8 provide a safer path
for the back e.m.f from the motor to dissipate and thus it
protects the corresponding bipolar transistors from damage.
The input pins from motor driver are being connected to
the microcontroller port pins. When the enable pins of the
driver pin are active, then the input signal of the motor driver
is amplified to 12 volt and sent to the motor. According to
the configuration of port pins, motor moves in clockwise or
anticlockwise direction.

In case of BLDC motor controller, every controller has its
particular node for distinguishing one from the other. It is
possible to control the speed of the motor either by varying
the voltage supplied to it or by sending the serial command to
it. The speed of the motor is controlled by sending a string of
command to the BLDC motor controller serially. Also there is
an encoder inside the BLDC motor for getting the angle value
simultaneously in a feedback loop.
All the supply voltages are being bypassed through those
junction circuits. Actually all voltage sources are being sorted.
A 7812 IC voltage regulator is used to convert the 24 V
into 12 V DC supply. When the diode connected in junction
circuit is in forward bias, it sends the power supply to all
driver circuits, but in the opposite case current from driver
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Figure 18: Flow chart for PC based control.

circuit cannot be sent to the controller circuit. The flow chart
(Figure 18) is showing the logic behind the algorithm.

7. Graphical User Interface Model of Exorn v.1

the serial port. There are three divisions regarding the motion
of human joint for proper treatment. Here only one control
can be selected out of three options. Selection of one option
will freeze the others. The flow chart behind the GUI model
is shown in Figure 20.

A proper Graphical User Interface (Figure 19) has been
developed for controlling all the motions serially through PC
based system. It is being designed in Microsoft visual studio
platform. The whole GUI model is divided into four divisions.
First one is the configuration of serial communication where
user has to select the particular COM port and baud rate.
It has two buttons for opening and closing of COM port.
After opening of COM port, any command can be sent to

7.1. Orthopedic Lessons. There are some movements which
are generally prescribed by different doctors for stroke
patients for different problems. All the motions are stored in
memory. After selecting some motion, the patient presses the
start button and a command will be sent through serially for
taking proper action. It will be updated with time according
to orthopedic doctor advice.
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Figure 19: GUI model.
Select COM port
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M10
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CC

Figure 20: Flow chart of GUI model.

7.2. Isolateral Exercises. In isolateral exercises there are some
predefined exercises which are standard motions of all joints
of human arm. Patients can follow those exercises so that their
muscle rigidity becomes less. After each selection a command
is being sent serially to master controller. Master controller
always takes care of proper actions.

between different commands. User has to write the required
speed beside the box of direction of rotation. In case two
motions are contradictory, then the controller does not allow
that motion. It is already preprogrammed in the controller.

7.3. Angle Oriented Control. In this configuration each joint
is controlled in clockwise or anticlockwise manner with
different speed. More than one joint can be governed through
it. When user selects joint motions, then a frame of command
bit serially sends with a start and stop bit to distinguish

It is a predefined control (Figure 21). Already a vast schedule
of exercise modules is to be loaded in the memory. When
someone wants to perform a task, it is being sent to the
controller through a manual switch or PC. Master controller
will generate a reference trajectory for that particular task.

8. Predefined Control System
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Figure 22: Joint torque graph at shoulder due to flexion and
extension.

Figure 23: Joint torque graph at elbow due to elbow flexion and
extension.

Then it is being sent to the local controller which takes care
of that particular trajectory. Always there is feedback loop
connected between the system and the master controller.
With the help of resolved motion rate control (Whitney 72)
approach each joint can be controlled in an independent way.
According to forward kinematics the kinematic model can be
expressed using the equation

There is a relation between task space and joint space. Here
the current position at some angle 𝜃 can be expressed as

𝛿𝑥 = 𝐽 (𝜃) 𝛿𝜃.

𝛿𝑥 = 𝑥𝑑 − 𝑥,

(4)

Outside the singularities the inverse kinematics can be
expressed as
−1

𝛿𝜃 = 𝐽 (𝜃) 𝛿𝑥.

(5)

𝑥 = 𝑓 (𝜃) .

(6)

The desired location in 3D space is defined as 𝑥𝑑 . So error
between current and desired position can be expressed as

𝛿𝜃 = 𝐽−1 (𝜃) 𝛿𝑥.

(7)

The next 𝜃 will be expressed as 𝜃 = 𝜃 + 𝛿𝜃. In this way 𝜃
value can be increased or decreased in an iterative way so that
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Figure 25: Joint torque graph at elbow due to shoulder internal and
external rotation.

the desired location can be reached. The error between
desired location and current location can be compared using
forward kinematics in a feedback loop.
In case of finding inverse kinematics there is a problem of
singularity. So we are imposing damped least square method
for calculating the inverse kinematics. The damped least
squares solutions are intended to ensure a well-conditioned
matrix for the solution algorithm while limiting the size of the
solution vector 𝛿𝜃. This is done by adding a diagonal matrix,
𝛼𝐼, to the matrix 𝐽𝐽𝑇 . The approximate solution of damped
least squares method can be expressed as 𝛿𝜃 = 𝐽+ 𝛿𝑥, where
𝐽+ can be expressed as the equation given below:
−1

𝐽+ = 𝐽𝑇 (𝐽𝐽𝑇 + 𝛼𝐼) ,

𝛼 ≥ 0.

(8)

(9)

where ‖⋅‖ denotes the Euclidean norm. For 𝛼 = 0 the damped
least squares solution will become pseudoinverse solution.
Then the Jacobian inverse matrix will be 𝐽∗ , where 𝐽∗ become
−1
expressed as 𝐽𝑇 (𝐽𝐽𝑇 ) .
In the damped least squares method, the size of error
in the task space is weighed against the size of the resulting
solution. For a given 𝛿𝑥 the size of the solution vector is
decreased by increasing 𝛼. However, this is done at the
expense of using an approximate solution. As 𝛼 increases so
does the size of the error in the task space. A large 𝛼 has
the other benefit of ensuring a well-conditioned matrix for
inversion. It has been shown that the condition number, 𝐾,
2
of the matrix 𝑃 ≡ (𝐽𝐽𝑇 + 𝛼𝐼), is 𝐾 = (𝜎12 + 𝛼)/(𝜎𝑚
+ 𝛼).
Here 𝜎1 ≥ 𝜎2 ≥ 𝜎3 ⋅ ⋅ ⋅ ≥ 𝜎𝑚 ≥ 0 are the singular values of
the Jacobian matrix. It can be seen in this equation that 𝐾
is made arbitrarily close to 1 by increasing 𝛼, thus ensuring
a well-conditioned matrix for inversion even in a singular
configuration, where 𝜎𝑚 = 0. Simply stated, if one is willing
to give up the exactness of the solution then the size of the
joint rate can be reduced and a well-conditioned matrix for
inversion can be ensured by increasing 𝛼.

9. Simulation Results of Torque Level of
General Human Arm
Maximum amount of torque is required to actuate human
joints in vertical direction. Here in Figure 25 the torque
needed to twist the elbow with respect to shoulder joint is
shown. Figure 26 is showing the same kind of motion in wrist
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Figure 27: (a) Outer region covered by Exorn. (b) Workspace covered by Exorn.
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Figure 29: Motion due to shoulder griddle, glenohumerals, and
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joint with respect to the elbow. Figures 22, 23, 24, 25, and
26 will show torque variation in different joints in vertical
direction because of proper actuation signal. From those
below graphs max. and min. torque for joint actuator can be
determined because it is very much essential to select proper
motor.
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Figure 31: Motion due to glenohumeral joint and elbow joint
movement in horizontal direction.

10. Workspace Calculation and Motion due to
Forward Kinematics
For calculating the workspace of the robotic system, a
MATLAB code of nested for loop of all DOFs is being taken
with the joint range. It will plot all the reachable points of
arm exoskeleton in 3D space. Figure 27 is showing the outer
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region covered by human hand. Figures 28, 29, 30, and 31 are
showing the motion of exoskeleton model due to several joint
movements.

11. Conclusion
From the above discussion it may be concluded that the
developed system is useful for rehabilitation. Comparisons
between human joint’s range and that of Exorn are already
tabulated in Table 1 and the ranges are quite the same for both
the cases. If the portable mechanical structure is attached to
the human arm, it can be used as an assistive device for the
paralyzed people. The 3D model of exoskeleton is already
being developed. The model has been fabricated. With the
help of the GUI all the motions can be controlled through
serial communication. The developed prototype is under
working condition. We would like to build the real system so
that patient can be benefitted.
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Specific muscle training is expected to be used for efficient rehabilitation and care prevention. In this paper, we propose algorithms
for designing a motion path capable of strengthening specific muscles. By using the proposed algorithms, it is possible to design a
motion path maximizing the activity of an agonist muscle and minimizing that of other muscles. For training, the load is applied
by using a 2-link arm. EMG signal is measured during a training experiment, and the degree of muscular revitalization is evaluated
by the amplitude of EMG signal. Finally, the effectiveness of the proposed approach is demonstrated through experiments.

1. Introduction
In recent years, in the context of the emergence of population ageing as a social issue in developed countries, the
importance of regaining muscle strength for care prevention
has become increasingly apparent. Prolonged immobility
induces muscle weakness, which affects activities of daily
living (ADLs) directly.
Much research is being done on rehabilitation robotics
that is pertinent to strength training. Lum et al. indicated
that, compared with conventional therapy techniques, robotassisted training is more efficient for improving muscle
strength and path-following capability [1]. For lower limb
rehabilitation, Akdoğan and Adli developed a therapeutic
exercise robot that enables rehabilitation for spinal cord
injury in diverse ways, including both isotonically and isometrically [2]. Such research aims to regain a muscle strength
of an entire arm or leg. Therefore, the robots are unable
to apply a load to specific muscles. However, the degree
of muscle weakness differs according to each muscle. Thus,
the application of a load to specific muscles that require
strengthening is expected to lead to more efficient and safer
training.
In the authors’ previous research, a method of estimating
muscle force or level of muscle activation was proposed [3].

Though the objective of the research was to strengthen a
muscle by isometric exercise, an isotonic exercise is more
effective for ADLs training. The purpose of the present
work is to develop an algorithm for designing a motion
path capable of strengthening specific muscles for isotonic
exercise.
The method proposed in previous research does not
consider the coordinated motion of an antagonistic muscle.
However, when doing an exercise, an antagonistic muscle
works to increase the stiffness of each joint, such as a shoulder
or an elbow. A method of estimating muscle activity should
consider the coordinated motion. In this paper, a neural
network is used since it is suited to estimation of nonlinear
data such as muscle activity. First, the neural network is
trained by a backpropagation algorithm. A training data
differs according to each subject person. The neural network
is able to estimate the level of muscle activation. Secondly,
we design the optimal motion path by using a multiobjective
optimization method for the obtained neural network. The
objective of optimization is to maximize the activity of an
agonist muscle and minimize the activity of other muscles.
The motion paths obtained by an optimization method for
the learned neural network model are evaluated through
experiments, and the validity of the proposed approach is
then demonstrated.
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2. System Description
2.1. System Structure. Figure 1 shows overall look of the 2-link
arm that is used as a training device. There are DC motors
and rotary encoders at each joint, and 6-axis force sensor
at the end-point. An emergency stop switch is mounted.
The device enables training of upper limbs by horizontal
motion. Figure 2 shows appearance of an experiment. The
EMG sensors are attached to the subject’s arm.
2.2. Control System. An end-point velocity of the device is
controlled by force feedback. To apply a load to muscles,
virtual mass and viscosity are set at the end-point (see
Figure 3).
A motion equation of the end-point is described by
𝑚 ⋅ a + 𝐷 ⋅ k = f,

(1)

where 𝑚 is virtual mass, 𝐷 is virtual viscosity coefficient, f =
(𝑓𝑥 , 𝑓𝑦 )𝑇 is force measured by force sensor, and a = (𝑥,̈ 𝑦)̈ 𝑇
and k = (𝑥,̇ 𝑦)̇ 𝑇 are acceleration and velocity of the end-point,
respectively.
The control input for motors is given by
k𝑖+1 = a ⋅ 𝑑𝑡 + k𝑖 ,

s = 𝐾Θ̇𝑖+1 ,

where 𝑑𝑡 is a sampling time set as 1 [msec], Θ̇ = (𝜃1̇ , 𝜃2̇ )𝑇
is angular velocity of each joint, and 𝑆1 , 𝐶1 , 𝑆12 , and 𝐶12
are sin 𝜃1 , cos 𝜃1 , sin(𝜃1 + 𝜃2 ), and cos(𝜃1 + 𝜃2 ), respectively.
Furthermore, s = (𝑠1 , 𝑠2 )𝑇 is input signal, 𝐾 is conversion
coefficient, and 𝑙1 and 𝑙2 are length of upper arm and lower
arm that are set as 0.26 and 0.3 [m], respectively.

3. Neural Network
3.1. Outline. In this study, three-layer Artificial Neural Network (ANN) consisting of an input layer, a hidden layer, and
an output layer is used, as shown in Figure 4. The inputs
of ANN are joint torque (𝑇1 , 𝑇2 ) and joint angle (𝜃1 , 𝜃2 ),
as shown in Figure 5. And, the outputs are level of muscle
activation described as 𝛼̂1 , . . . , 𝛼̂5 .𝛼1 , . . . , 𝛼5 are measured
values.
The level of muscle activation 𝛼1 , . . . , 𝛼5 is defined as
𝛼𝑖 (𝑡) =

−1
Θ̇𝑖+1 = 𝐽𝑖+1
k𝑖+1 ,

𝑙𝑆
𝑙 𝑆 +𝑙 𝑆
J = [ 1 1 2 12 2 12 ] ,
𝑙1 𝐶1 + 𝑙2 𝐶12 𝑙2 𝐶12

Figure 4: Neural network.

(2)

EMG𝑖 (𝑡)
(𝑖 = 1 ∼ 5) ,
max EMG𝑖

(3)

where EMG𝑖 (𝑡) is electromyographic (EMG) signal that is
measured during an experiment. max EMG𝑖 is maximum
EMG signal for each muscle. During an experiment, EMG
signals of muscles shown in Table 1 are measured.
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Table 1: Measured muscles.
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Figure 6: RMSE for various number of units in hidden layer.
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Figure 5: Upper limb model.

0.1

The number of hidden units is determined by comparing root-mean-square errors (RMSEs) of estimation results.
RMSEs are calculated by
RMSE = √

1 𝑁
2
𝛼 − 𝛼𝑖 ) .
∑(̂
𝑁 𝑖=1 𝑖

=

𝑁=4

(1) (1)
𝑥𝑛
∑ 𝑤𝑛,𝑗
𝑛=1

𝑦𝑗(1) = sigmoid (𝑆𝑗(1) + 𝑏𝑗(1) ) ,
𝑁=10

0.2
0.25
0.25

0.2
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0 0.05
x (m)

0.1

0.15

0.2
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Figure 7: Motion path for exploratory experiment.

(5)

𝑛=1

𝛼𝑖 = sigmoid (𝑆𝑖(2) + 𝑏𝑖(2) ) ,
sigmoid (𝑧) =

0.1

motion on horizontal plane as shown in Figure 7. During
the experiments, the motion paths, force, and position of the
end-point are displayed on a monitor. The displayed force
and end-point position are updated in a real time. And then,
subjects follow the paths at a constant force (30 [N]). The
ANN is trained by a backpropagation algorithm.

(𝑗 = 1 ∼ 10) ,

(2) (1)
𝑦𝑛 (𝑖 = 1 ∼ 5) ,
𝑆𝑖(2) = ∑ 𝑤𝑛,𝑖

0
0.05

0.15

(4)

Figure 6 shows RMSEs of estimation results obtained
using ANN that is trained by training data-sets as described
in Section 3.2. Even where there are more than 10 units, RMSE
is virtually unchanged. Therefore, we set the number as 10.
The outputs of ANN are calculated by
𝑆𝑗(1)

y (m)

0.05

1
,
1 + 𝑒−𝑧

4. Motion Path Design
4.1. Outline. To design motion paths, we proposed two algorithms
(i) algorithm for designing a motion path that always has
the same initial posture (Algorithm 1),

where 𝑥 is input (joint torque and angle), 𝛼 is output (level of
muscle activation), 𝑤 is connection weight, and 𝑏 is bias.

(ii) algorithm for designing a motion path that passes
through the most effective point (Algorithm 2).

3.2. Training of Neural Network. In order to determine connection weights and biases, training of ANN is required. The
training data sets are obtained through exploratory experiments for each subject. The data is measured during linear

These algorithms use a multiobjective problem. When
designing a path using Algorithm 1, the initial value of multiobjective problem is the same for each time. Therefore, the
designed paths for each muscles (𝑀1 ∼ 𝑀5 ) have the same

4
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initial position. The motion path designed by Algorithm 1
does not necessarily pass through the most effective point
that is capable of maximizing the activity of an agonist
muscle and minimizing the activity of other muscles. By
contrast, Algorithm 2 designs a motion path based on the
most effective point.

Start

Determine
direction of force by
Eq (6)

4.2. Algorithm 1. The algorithm uses ANN and multiobjective optimization to design motion paths. Figure 8 shows a
flowchart of the algorithm.
First, define an initial posture as 𝜃1 = 𝜋/4 [rad] and
𝜃2 = 𝜋/2 [rad]. Next, solve an optimization problem as shown
below to satisfy both:
max
𝜃

min
𝜃

Pose computation by
Eq (7)

𝛼𝑛 (𝜃)
2

𝛼 (𝜃) , 𝜎 (𝜃)

√ x2 + y2

(6)

Yes

>0.2

subject to 0 ≤ 𝜃 < 2𝜋,
where 𝜃 is direction of force, 𝛼𝑛 is level of muscle activation
for target muscle, and 𝛼 and 𝜎2 are average and variance
of nontarget muscles. 𝛼𝑛 , 𝛼 and 𝜎2 are calculated by using
ANN. The aim of this optimization problem is to maximize
the activity of an agonist muscle and minimize the activity of
other muscles. In order to solve the optimization problem,
sequential quadratic programming method is used. The
method is also used to solve (8) and (9). To calculate the
velocity from end-point force, (1) is simplified by setting 𝑚 =
0. By solving the optimization problem, we obtain the optimal
direction of force. Thirdly, calculate the position of the endpoint. The position is calculated by
𝐹
|𝐹| cos (𝜃)
],
f = [ 𝑥] = [
𝐹𝑦
|𝐹| sin (𝜃)
𝐹𝑥
[
𝐷]
𝑉
],
k = [ 𝑥] = [
[
𝑉𝑦
𝐹𝑦 ]
[𝐷]

𝜃̇
Θ̇ = [ 1̇ ] = J−1 k,
𝜃2
𝜃
̇
Θ = [ 1 ] = ∫ Θ𝑑𝑡,
𝜃2

(7)

𝑇
T = [ 1 ] = J𝑇 f,
𝑇2
𝑙𝑆
𝑙 𝑆 +𝑙 𝑆
J = [ 1 1 2 12 2 12 ] ,
𝑙1 𝐶1 + 𝑙2 𝐶12 𝑙2 𝐶12
𝑥
−𝑙 𝐶 − 𝑙 𝐶
P = [ ] = [ 1 1 2 12 ] ,
𝑙1 𝑆1 + 𝑙2 𝑆12
𝑦
where F is end-point force, |𝐹| is absolute value of end-point
force that is set as 30 [N], V is end-point velocity, P is position
of end-point, Θ̇ and Θ are angular velocity and angle of joint,
and T is joint torque. And 𝑑𝑡 is sampling time that is set as

𝛼 < 0.5
Yes
End

Figure 8: Flowchart of Algorithm 1.

1 [msec], 𝐷 is virtual viscosity coefficient that is set as 900
[Ns/m], and 𝑙1 and 𝑙2 are length of upper arm and lower arm
that are set as 0.26 and 0.3 [m].
By repeating the procedure until the distance between
end-point position and origin exceeds 0.2 [m] or level of
muscle activation of target muscle is less than 0.5, a motion
path is designed. Figure 10 shows an example of a designed
motion path. 𝑃1 ∼ 𝑃5 express motion paths of strength
training that target each muscle (e.g., 𝑃1 targets 𝑀1 ). In this
algorithm, these paths have the same initial position.
𝑀1 ∼ 𝑀5 have different function of arm movement. The
shown paths are designed to enhance muscle activation of
target muscle. Therefore, direction of the paths depend on the
function of each muscle. For example, 𝑃1 shows adduction
movement of shoulder, because 𝑀1 has function of shoulder
adduction.
4.3. Algorithm 2. In Algorithm 2, most effective point that is
capable of maximizing the activity of an agonist muscle and
minimizing the activity of other muscles is calculated before
designing a motion path to use in (9) as an initial value.
A posture to take the most effective point is given by
max

𝛼𝑛 (𝜃, 𝜃1 , 𝜃2 )

min

𝛼 (𝜃, 𝜃1 , 𝜃2 ) , 𝜎2 (𝜃, 𝜃1 , 𝜃2 )

𝜃,𝜃1 ,𝜃2

𝜃,𝜃1 ,𝜃2

subject to

0 ≤ 𝜃 < 2𝜋
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Figure 11: One example of motion path (Algorithm 2).

Yes

𝛼 < 0.5

is lower than 30 [N] for a moment. Therefore, using the
value obtained by (8) as initial posture of designed path is
unsuitable. Thus, the most effective point obtained by (8) is
passed through in mid-course of designed path in order to fit
a situation of (8).
In this algorithm, we design two paths based on the posture obtained by (8). And then, the two paths are integrated
to one path that passes through the most effective point in
mid-course.
First, the value obtained by (8) is defined as the initial
value of (9). Secondly, an optimization problem is solved as
follows:

Yes
Integrate two
paths into one path
End

Figure 9: Flowchart of Algorithm 2.
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Figure 10: One example of motion path (Algorithm 1).

−

𝜋
135𝜋
≤ 𝜃1 ≤
6
180

0 ≤ 𝜃2 ≤

145𝜋
.
180
(8)

These variables are the same as for (6). When solving (8),
initial posture is set as 𝜃1 = 𝜋/4 [rad] and 𝜃2 = 𝜋/2 [rad].
An end-point force is set as 30 [N] in (8). However,
after the beginning of a real experiment, the end-point force

(9)

where lb and ub are lower bound and upper bound that are set
as lb = 𝜃−𝜋/2 and ub = 𝜃+𝜋/2. 𝜃 used in lb and ub is constant
value obtained by (8). Thirdly, a path is designed by the flow
described in Figure 9 using (7). The end condition is the same
as Algorithm 1. Next, the values of lb and ub are switched,
and the value obtained by (8) is set as initial value. And then,
another path is designed by the same flow. To integrate the
two paths into one path, these paths must not have opposite
directions. Thus, in this case, the force is reversed when it
is used for calculating joint torques that are inputs of ANN
in order to align the direction of the paths. Finally, the two
paths are integrated to one path. Figure 11 shows an example
of a designed motion path. As described in Section 4.2, these
paths depend on the function of each muscle.

5. Results of Experiments
5.1. Outline. The effectiveness of the proposed approach is
evaluated through experiments. An outline of the experiments is as follows:
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Figure 12: Level of muscle activation (Target: 𝑀1 ).
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Figure 14: Level of muscle activation (Target: 𝑀3 ).
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Figure 15: Level of muscle activation (Target: 𝑀4 ).

Figure 13: Level of muscle activation (Target: 𝑀2 ).

(i) comparative experiments of Algorithms 1 and 2.
(ii) comparative experiments of personalized path and
nonpersonalized paths.
Table 2 shows body dimension data of subjects. All
subjects are male.
5.2. Comparative Experiments of Algorithms 1 and 2 (Experiment 1)
5.2.1. Experiment Objective. The objective of the experiment
is to evaluate the results of each paths designed by Algorithms
1 and 2. In this experiment, ANN is trained by own data of
each subject person.
5.2.2. Results. The experimental procedure is the same as the
exploratory experiments described in Section 3.2. During the
experiments, the designed motion paths, force, and position
of end-point are displayed on a monitor.
The results of the experiments are shown in Figures 12,
13, 14, 15, and 16. For example, Figure 12 shows the result

Level of muscle activation

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

M1

M2

Measured (Algo. 1)
Predicted (Algo. 1)

M3

M4

M5

Measured (Algo. 2)
Predicted (Algo. 2)

Figure 16: Level of muscle activation (Target: 𝑀5 ).

of 𝑃1 that is capable of strengthening 𝑀1 . In Figures 12–16,
“Measured” means measured value during the experiment.
And “Predicted” means output of ANN calculated before the
experiment. The shown values are average of the results of ten
subjects.
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Table 2: Body dimension.

Sub.
A
B
C
D
E
F
G
H
I
J

Age
23
23
22
21
24
23
24
24
24
22

Height [cm]
161
167
170
163
171
168
170
174
170
179

Weight [kg]
48
60
51
52
60
54
62
94
62
69

There is a difference between the predicted value and
the measured values. It is a consequence of redundancy
of muscles. It is not necessarily always the same level of
activation even if doing the same motion. However, it is
possible to predict which muscle is the agonist muscle in most
cases. Therefore, ANN is capable of designing a motion path
that achieve the objective of this research.
5.3. Comparative Experiments of Personalized Path and Other
Paths (Experiment 2)
5.3.1. Experiment Objective. The objective of the experiment
is to evaluate an influence exerted by personal experimental
data. The motion paths are obtained using ANN. And
ANN has to be trained by experimental data before using
for path design. Thus, there are personalized path and
nonpersonalized path. The personalized path is designed
using ANN trained by own experimental data. And the
nonpersonalized path uses ANN trained by experimental
data of other subjects. The objective of the experiment is
to compare a personalized path and other paths. In this
experiment, the paths are designed by Algorithm 2.
5.3.2. Results. Figures 17, 18, 19, 20, 21, 22, 23, 24, 25, and
26 show experimental results of each subject. The level of
muscle activation of the targeted muscle is shown in the upper
portion of the graph, and the average of muscle activation
of nontargeted muscles is shown in the lower portion. The
number of motion path is equal to the number of subject.
Therefore, nine paths are nonpersonalized path for each
subject. The values of “Nonpersonalized” shown in Figures
17–26 are average of experimental results using the nine
paths.
5.4. Discussion. To evaluate the result of Experiment 1
(Section 5.2) quantitatively, we calculated the improvement
rate of muscle activation. The value is given by
𝑖

𝛼
=
𝑅all

1 1 𝑆=10𝑁=5 𝛼𝑎,𝑗
∑ ∑ 𝑖 − 1,
𝑆 𝑁 𝑖=1 𝑗=1 𝛼𝑏,𝑗

𝛼
=
𝑅all

1 1 𝑆=10𝑁=5 𝛼𝑎,𝑗
− 1,
∑∑
𝑆 𝑁 𝑖=1 𝑗=1 𝛼𝑖𝑏,𝑗

𝑖

Length of lower arm [cm]
23
25
25
25
26
25
24
27
24
26

Length of upper arm [cm]
28
31
29
31
32
27
26
28
27
29

Table 3: Improvement rate (Experiment 1).

𝑅𝛼
𝑅𝛼

All
20.9
−15.6

Improvement rate [%]
𝑀2
𝑀3
𝑀4
𝑀1
−0.28
12.3
22.8
11.2
−6.52
−14.5
−15.5
−2.12

𝑀5
58.4
−39.5

𝑖

𝛼
𝑅𝑀
=
𝑗

1 𝑆=10 𝛼𝑎,𝑗
∑ 𝑖 − 1,
𝑆 𝑖=1 𝛼𝑏,𝑗

𝛼
𝑅𝑀
=
𝑗

1 𝑆=10 𝛼𝑎,𝑗
− 1,
∑
𝑆 𝑖=1 𝛼𝑖𝑏,𝑗

𝑖

(10)
where 𝛼 is level of muscle activation of target muscle, 𝛼
is average of muscle activation of nontargeted muscle, 𝑎
is Algorithm 2, and 𝑏 is Algorithm 1. 𝑖 means a number
of subjects, 𝑗 is number of muscles. 𝑅𝛼 is improvement
rate for level of muscle activation of targeted muscle and
𝑅𝛼 is improvement rate for average of muscle activation of
nontargeted muscle, respectively.
The results of the calculation is shown in Table 3. As
𝛼
is small value. The results indicate
shown in Table 3, 𝑅𝑀
1
that there is little difference between Algorithms 1 and 2
𝛼
shows
when designing a path for 𝑀1 . By contrast, 𝑅𝑀
5
remarkable improvement compared to other results. Fur𝛼
thermore, 𝑅𝑀5
shows that average of muscle activation of
nontargeted muscle is decreased drastically. The results show
that Algorithm 2 is more effective than Algorithm 1 for 𝑀5 .
The difference between 𝑀5 and others is classification of
muscle. 𝑀5 is biarticular muscle. On the other hand, others
are monoarticular muscle. It would appear that the difference
affects experimental results.
Next, in order to evaluate the result of Experiment 2
(Section 5.3), we calculated the ratio of muscle activation by
(10). In this case, 𝛼𝑎 , 𝛼𝑏 , 𝛼𝑎 , and 𝛼𝑏 are replaced with 𝛼𝑝 ,
𝛼𝑛 , 𝛼𝑝 , and 𝛼𝑛 . 𝑝 means personalized path, and 𝑛 means
nonpersonalized path. The results of the calculation are
shown in Table 4. If all improvement rates were 0%, the result
shows that it would make no difference between personalized
path and nonpersonalized path. However, all value of 𝑅𝛼 is
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Figure 17: Level of muscle activation (Sub. A).
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Figure 18: Level of muscle activation (Sub. B).
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Figure 19: Level of muscle activation (Sub. C).
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Figure 20: Level of muscle activation (Sub. D).
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Figure 21: Level of muscle activation (Sub. E).
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Figure 22: Level of muscle activation (Sub. F).
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Figure 23: Level of muscle activation (Sub. G).
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Figure 24: Level of muscle activation (Sub. H).
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Figure 25: Level of muscle activation (Sub. I).
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Figure 26: Level of muscle activation (Sub. J).

Table 4: Improvement rate (Experiment 2).

𝑅𝛼
𝑅𝛼

All
41.4
−20.1

𝑀1
27.9
−20.1

Improvement rate [%]
𝑀2
𝑀3
𝑀4
44.2
47.7
21.2
−30.1
−14.4
−13.8

𝑀5
65.7
−22.1

positive and 𝑅𝛼 is negative. Thus, the results indicate that
personalized path is more effective than nonpersonalized
path in all cases. Therefore, the training of ANN by own
experimental data is needed before path design.

indicates that ANN trained by own experimental data is
capable of designing a more effective motion path.
The objective of this study is to strengthen upper limb
muscles. However, ADLs depend on not only upper limb
muscles but also lower limb muscles. In future work, we
intended to apply the proposed approach to training of lower
limb muscles in preliminary rehabilitation for walking.
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An obstacle avoidance method of action support 7-DOF manipulators is proposed in this paper. The manipulators are controlled
with impedance control to follow user’s motions. 7-DOF manipulators are able to avoid obstacles without changing the orbit of the
end-effector because they have kinematic redundancy. A joint rate vector is used to change angular velocity of an arbitrary joint
with kinematic redundancy. The priority of avoidance is introduced into the proposed method, so that avoidance motions precede
follow motions when obstacles are close to the manipulators. The usefulness of the proposed method is demonstrated through
obstacle avoidance simulations and experiments.

1. Introduction
The application of robot technology extends from the manufacturing industry to our homes. In particular, applied
research on robot technology is widely carried out in the
field of medical treatment and welfare, such as operation
support robots and meal support robots. The authors focus on
an action support manipulator which supports humans with
poor muscle strength. One application of this manipulator
is a meal support manipulator. The manipulator grasps a
spoon, and a user attaches the hand to the spoon. The spoon
moves to the desired direction according to the minute force
applied by the user. Obstacle avoidance is necessary to use
the manipulator safely under the environment where humans
and other objects exist.
A 7-DOF manipulator is used as an action support in
this paper. 7-DOF manipulators have kinematic redundancy.
7-DOF manipulators are able to avoid obstacles without
changing the position and the attitude of the end-effector by
using their redundant degree of freedom. Various methods on
obstacle avoidance for redundant manipulators are proposed
in [1–6]. A joint rate vector [1, 2] is adopted to avoid obstacles
in this paper.
Impedance control [7–10] is used to make the manipulator follow the user’s motion in this paper. Though the

methods of impedance control for redundant manipulators
are proposed in [7, 8], the obstacle avoidance is not handled.
The methods of impedance control for redundant manipulators considering the obstacle avoidance are presented in
[9, 10]. Though the manipulator avoids the obstacle while
the end-effector follows the fixed reference path in [9, 10],
cooperative works of manipulators and humans are not
considered.
An obstacle avoidance method for redundant manipulators using impedance control is proposed in this paper. Priority of avoidance is introduced into the proposed method,
so that avoidance motions precede follow motions when an
obstacle is close to the manipulator. There are few papers
on obstacle avoidance by using the joint rate vector for
redundant manipulators which follows the human’s actions
with impedance control. The validity of the proposed method
is demonstrated through obstacle avoidance simulations and
experiments.

2. Experimental Equipment
Figure 1 shows a manipulator used in this paper. This manipulator is the PA-10A-ARM made by Mitsubishi Heavy Industries, Ltd. The manipulator has seven degrees of freedom and
the transportable weight is 98 N. The joints are driven by
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Figure 3: Virtual spheres with radius 𝐿 min in the 4th and 5th joints.
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Figure 1: 7-DOF manipulator.

L max
dmin

L min
Elastic body

Obstacle

Manipulator

Force sensor

ka

Figure 4: Virtual sphere.

3. Obstacle Avoidance Method
Figure 2: Image of action support manipulator.

AC servo motors with brushless resolvers. The manipulator
moves to support a user (see Figure 2).
A force sensor is installed in the end-effector to measure
forces and moments applied to the end-effector. The force
sensor is the IFS-67M25A50-I40 made by Nitta Corp. The
measurable maximum forces are 200 N on 𝑥- and 𝑦-axis and
400 N on 𝑧-axis, and the measurable maximum moment is
13 Nm around 𝑥-, 𝑦- and 𝑧-axis.
The distance between obstacles and the manipulator may
be measured with a distance sensor such as a PSD sensor,
a laser sensor, an ultrasonic sensor, or a stereo camera. The
distance is calculated under the situation that obstacles’ sizes
and positions are known in this paper. This ideal situation is
considered in experiment to evaluate the proposed method
purely, because the experimental performance is too sensitive
to the accuracy of the distance sensor.
The seven joint angles of the manipulator and the output
of the force sensor are transmitted to a personal computer.
The command calculated in the computer is sent to the
manipulator. The sampling period is 10 ms.

The manipulator is controlled with impedance control to
follow user’s motions. Kinematic redundancy is used to avoid
obstacles. Priority of avoidance is introduced to combine the
follow motions and the avoidance motions.
3.1. Impedance Control. The motion equation of the manipulator is expressed as
M (𝜃) 𝜃̈+ h (𝜃, 𝜃)̇ + g (𝜃) = 𝜏 + J𝑇 (𝜃) Fext ,

(1)

where 𝜃 = [𝜃1 , 𝜃2 , 𝜃3 , 𝜃4 , 𝜃5 , 𝜃6 , 𝜃7 ]𝑇 is the joint angle vector;
M(𝜃) is the inertia matrix (hereafter denoted by M); h(𝜃, 𝜃)̇is
the nonlinear term due to the centrifugal and Coriolis force;
g(𝜃) is the gravitational term; 𝜏 is the joint torque vector; Fext
is the external force exerted to the end-effector; and J(𝜃) is the
Jacobian matrix (hereafter denoted by J).
The desired impedance of the end-effector is described by
M𝑒 ẍ+ B𝑒 ẋ+ K𝑒 (x − x𝑑 ) = Fext ,

(2)

where M𝑒 , B𝑒 , and K𝑒 are the desired inertia, viscosity, and
stiffness matrices of the end-effector, respectively; x is the
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displacement vector of the end-effector, and x𝑑 is the desired
one. These are given as follows:
M𝑒 = diag (𝑚𝑒 , 𝑚𝑒 , 𝑚𝑒 , 𝐼𝑚 , 𝐼𝑚 , 𝐼𝑚 ) ,
B𝑒 = diag (𝑏𝑒 , 𝑏𝑒 , 𝑏𝑒 , 𝑏𝑛 , 𝑏𝑛 , 𝑏𝑛 ) ,
K𝑒 = diag (𝑘𝑒 , 𝑘𝑒 , 𝑘𝑒 , 𝑘𝑛 , 𝑘𝑛 , 𝑘𝑛 ) ,

0

1

2

3

Time (s)
x
y
z

Figure 8: Verification of simulation model (1).

(3)

𝑇

Fext = [𝑓𝑥 , 𝑓𝑦 , 𝑓𝑧 , 𝜏𝜙 , 𝜏𝜃 , 𝜏𝜓 ] ,
𝑇

x = [𝑥, 𝑦, 𝑧, 𝜙, 𝜃, 𝜓] .
The position and the attitude of the end-effector are denoted
by (𝑥, 𝑦, 𝑧) and (𝜙, 𝜃, 𝜓), respectively. The moments 𝜏𝜙 , 𝜏𝜃 ,
and 𝜏𝜓 of Fext are set to zero to keep the initial attitude of
the end-effector in this method. The values of the impedance
parameters, 𝑚𝑒 = 1.0 kg, 𝐼𝑚 = 1.0 kgm2 , 𝑏𝑒 = 20 Ns/m,
𝑏𝑛 = 20 Nms/rad, 𝑘𝑒 = 100 N/m, and 𝑘𝑛 = 100 Nm/rad are
used in this paper. These values should be optimized for users
in the future work.

Putting Fext in (2) as
Fext = M𝑒 ẍ𝑑 + B𝑒 ẋ
𝑑,

(4)

the following equation is obtained:
M𝑒 (ẍ− ẍ𝑑 ) + B𝑒 (ẋ− ẋ
𝑑 ) + K𝑒 (x − x𝑑 ) = 0.

(5)

The torque vector 𝜏 satisfying (5) is given as follows:
−1

𝜏 = J𝑇 (JM−1 J𝑇 )

̇̇
× [ẍ𝑑 + M−1
̇+ K𝑒 (x𝑑 − x)} − Jq]
𝑑 − x)
𝑒 {B𝑒 (ẋ
− J𝑇 Fext + h (𝜃, 𝜃)̇ + g (𝜃) .

(6)

4

Journal of Robotics

0.3

0.8
Distance, dmin (m)

Position of end-effector (m)

0.35

Fine: simulation, bold: experiment

1

0.6
0.4
0.2
0
−0.2

L max

0.25
0.2

L min

0.15
0.1

0

1

2

3
0.05

Time (s)

0

x
y
z

1

2

3

4

5

Time (s)
Case 1
Case 2
Case 3

Figure 9: Verification of simulation model (2).

Figure 12: Distance 𝑑min in Cases 1, 2, and 3.

The desired displacement of the end-effector x𝑑 and its
derivative ẋ
𝑑 is obtained from Fext by solving (4) with the
4-order Runge-Kutta method. The value of ẍ𝑑 is calculated
from ẋ
𝑑 by using the backward difference approximation. The
end-effector follows the user’s hand by applying the torque
𝜏 in (6) to the manipulator. The desired displacement x𝑑 is
generated in real time from the external force Fext . This point
is greatly different from other studies on impedance control
for manipulators.

Obstacle
Z
X

External force

Y

3.2. Obstacle Avoidance Using Kinematic Redundancy. The
inverse kinematics equation of redundant manipulators is
expressed as
𝜃̇= J+ ẋ+ P⊥ (J) 𝜉,

Figure 10: Obstacle avoidance in simulation.
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Figure 11: Actual applied force, Fact .

4

5

(7)

where J+ is the pseudoinverse of J, P⊥ (J) is the projection
operator which projects arbitrary joint rates into the nullspace of the end-effector’s Cartesian coordinates, and 𝜉 is an
arbitrary joint rate vector. J+ and P⊥ (J) are calculated by the
method in [11]. The displacement vector of the end-effector x
is regulated by the impedance control to follow the external
force Fext . When an obstacle approaches the manipulator, the
manipulator avoids the obstacle by using the joint rate vector
𝜉.
In this paper, two virtual spheres are set in the 4th and
the 5th joints (see Figure 3). The center of the virtual sphere
is that of the joint. It is considered that these joints may
collide against obstacles easily. The virtual sphere is shown in
Figure 4. The inner sphere with the radius 𝐿 min is an inelastic
body and covers the joint of the manipulator. The purpose
of the obstacle avoidance control is to avoid the collision
between the inner sphere and obstacles. The outer sphere with
the radius 𝐿 max is an elastic body with a stiffness 𝑘𝑎 . When
obstacles enter the outer sphere, a repulsive force is generated.
The repulsive force is used to calculate the value of the joint
rate vector 𝜉.
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Figure 13: Scenes in Case 1 of obstacle avoidance simulation.

Figure 14: Scenes in Case 2 of obstacle avoidance simulation.

Figure 15: Scenes in Case 3 of obstacle avoidance simulation.

6

Force, fy (N)

4

Obstacle

Z
X

Y

External force

2
0
−2
−4
−6

Figure 16: Obstacle avoidance in experiment.
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Figure 17: Actual applied force, 𝑓𝑦 .

A preliminary experiment was carried out to detect which
element of 𝜉 is effective for the obstacle avoidance. When a
value was given to the 1st or 3rd element, the attitude of the
manipulator greatly changed. The 1st and 3rd elements, 𝜉1 and
𝜉3 , are therefore given values and the other elements are set
to zero for the simplification of the problem. The values of 𝜉1
and 𝜉3 are calculated from
− 𝑑min )
𝑘 (𝐿
{
{ 𝑎 max
𝜉1,3 = { 𝐿 max − 𝐿 min
{
{0

: 𝑑min ≤ 𝐿 max ,
: 𝑑min > 𝐿 max ,

(8)

where 𝑘𝑎 is a positive constant, 𝐿 min is the radius of the
inelastic sphere, 𝐿 max is the radius of the elastic sphere, and
𝑑min is the distance between the nearest obstacle and the
manipulator. In this paper, 𝐿 min = 0.15 m, 𝐿 max = 0.25 m,
and 𝑘𝑎 = 0.3 rad/s. The value of 𝜉1 or 𝜉3 is shown in Figure 5.
As the obstacle approaches the manipulator, the value of 𝜉1 or
𝜉3 increases and then the attitude of the manipulator changes
to avoid the obstacle.

6

Journal of Robotics
that only the follow motions are carried out without the
avoidance motions. When the manipulator is close to the
obstacle, the avoidance motions should precede the follow
motions for the safety. Otherwise, the manipulator should
follow the user’s motion as much as possible. Therefore, an
exponential function is used in (9), so that the value of 𝛼
rapidly increases as the value of 𝑑min approaches 𝐿 min .

Position on y-axis (m)

0.08

0.04

0

−0.04

4. Simulation Model of Manipulator
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Figure 18: Position of 4th joint on 𝑦-axis.
0.35

Distance, dmin (m)

0.3
L max

0.25

A simulation model of the manipulator is constructed. The
link parameters of the manipulator are shown in Figure 7, and
the values of the link parameters and the moment of inertia
of the links are shown in Tables 1 and 2, respectively. These
values are calculated by measuring the manipulator.
The manipulator with the initial joint angle vector 𝜃(0) =
[0, 𝜋/6, 0, 𝜋/3, 0, 0, 0]𝑇 rad operates by giving some adequate
reference path of the end-effector. The results are shown in
Figures 8 and 9. These figures show the time history of the
position of the end-effector, and the fine line and the bold
one denote the simulation result and the experimental one,
respectively. The simulation results coincide with the experimental ones. Though the details are omitted, the similar
results are also obtained in other experimental situations.
Therefore, this model is used in simulation.

0.2
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5. Simulation Results of Obstacle Avoidance
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Figure 19: Distance, 𝑑min .

3.3. Priority of Avoidance. Since the avoidance motions may
conflict with the follow motions, the priority of avoidance
is introduced. The priority of avoidance means the weight
between the follow motions generated by (6) and the avoidance motions caused by (7) and (8). The value of the priority
of avoidance is greater when an obstacle is close to the
manipulator. The priority of avoidance 𝛼 is defined as
𝑑 − 𝐿 min
{exp (−𝑘𝑏 min
)
𝐿
𝛼={
max − 𝐿 min
{1

: 𝑑min ≥ 𝐿 min ,
: 𝑑min < 𝐿 min ,

(9)

where 𝑘𝑏 is a positive constant, 𝑘𝑏 = 5.0 in this paper. The
value of the priority 𝛼 is shown in Figure 6. According to the
priority of avoidance 𝛼, Fext in (4) is calculated as
Fext = (1 − 𝛼) Fact ,

(10)

where Fact is the actual applied force measured with the force
sensor. Fext = 0 at 𝛼 = 1 (𝑑min < 𝐿 min ) means that only
the avoidance motions are carried out without the follow
motions, and Fext = Fact at 𝛼 = 0 (𝑑min ≥ 𝐿 max ) means

The usefulness of the proposed method is demonstrated in
simulation. Figure 10 shows the initial state of the obstacle
avoidance simulation. The pink sphere denotes the inner virtual sphere with the radius 𝐿 min . The initial joint angle vector
𝜃(0) = [0, 𝜋/4, 0, 𝜋/2, 0 − 𝜋/4, 0]𝑇 rad and the actual applied
force Fact is shown in Figure 11. The obstacle is a sphere of
0.05 m radius and its center is located at [0.4, 0.3, 0.78]𝑇 m.
5.1. Obstacle Avoidance Using Kinematic Redundancy. The
distance between the obstacle and the manipulator 𝑑min is
shown in Figure 12, where only 𝜉1 is calculated by (8) in
Case 1 and both 𝜉1 and 𝜉3 are done in Case 2. The priority
of avoidance 𝛼 is not used in both cases, that is, Fext =
Fact . The minimum value of 𝑑min in Case 2 is greater than
that in Case 1. This means that Case 2 using both 𝜉1 and 𝜉3
is better than Case 1 using only 𝜉1 from the viewpoint of
obstacle avoidance. The manipulators in Cases 1 and 2 collide
with the obstacle, since the distance 𝑑min is less than 𝐿 min .
The scenes in Cases 1 and 2 are shown in Figures 13 and 14,
respectively. The collision that the obstacle enters the inner
sphere is confirmed from the last scene in Figures 13 and 14.
5.2. Obstacle Avoidance Using Kinematic Redundancy and
Priority of Avoidance. The priority of obstacle 𝛼 is used in
Case 3, where both 𝜉1 and 𝜉3 are calculated by (8), since the
result in Case 2 is better than that in Case 1. The distance 𝑑min
in Case 3 is also shown in Figure 12. The value of 𝑑min is never
less than 𝐿 min . This means that there is no collision between
the obstacle and the manipulator. The scenes in Case 3 are
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Figure 20: Scene in obstacle avoidance experiment.
Table 1: Values of link parameters.
𝑙𝑏 (m)
0.315
𝑚1 (kg)
9.78
𝑘1 (m)
0.147

𝑙𝑠 (m)
0.450
𝑚2 (kg)
8.41
𝑘2 (m)
0.063

𝑙𝑒 (m)
0.500
𝑚3 (kg)
3.51
𝑘3 (m)
0.089

𝑙𝑤 (m)
0.080
𝑚4 (kg)
4.31
𝑘4 (m)
0.046

𝑙ℎ (m)
0.121
𝑚5 (kg)
3.45
𝑘5 (m)
0.165

Table 2: Values of moment of inertia.
Link
1
2
3
4
5
6
7
8

𝐼𝑥 (kgm )
0.1528
0.0900
0.0462
0.0307
0.0392
0.0039
0.0001
0.0011
2

𝐼𝑦 (kgm )
0.1322
0.0266
0.0337
0.0081
0.0375
0.0008
0.0001
0.0013
2

𝐼𝑧 (kgm )
0.0646
0.0794
0.0183
0.0272
0.0081
0.0039
0.0002
0.0008
2

shown in Figure 15. No collision between the inner sphere
and the obstacle is confirmed in Figure 15.

6. Experimental Results of Obstacle Avoidance
The validity of the proposed method is verified in the experiment. Figure 16 shows the initial state of obstacle avoidance
experiment. The initial joint angle vector 𝜃(0) is the same
as that in simulation. The obstacle is a square pole with 0.1
× 0.1 × 0.35 m and its center is located at the same point in
simulation. An experimenter who is a healthy person applies
the force to the end-effector in 𝑦-axis direction.
The applied force measured with the force sensor is
plotted in Figure 17. The experimenter applies the vibrational
force to the positive direction of 𝑦-axis, the right direction
in Figure 16. The vibration may be reduced by adjusting the
impedance parameters M𝑒 , B𝑒 , and K𝑒 in (3). The position of
the 4th joint of the manipulator on 𝑦-axis and the distance
𝑑min are plotted in Figures 18 and 19, respectively. The 4th
joint moves to the positive direction of 𝑦-axis according to
the applied force until about 4 s which causes the value of 𝑑min
to be small. When the value of 𝑑min is small or the 4th joint
is close to the obstacle, the avoidance motion predominates.
The 4th joint moves to the negative direction of 𝑦-axis from
about 4 s to 6 s in Figure 18. This motion causes the increase
of the value of 𝑑min in Figure 19. There is no collision between

𝑚6 (kg)
1.46
𝑘6 (m)
0.030

𝑚7 (kg)
0.24
𝑘7 (m)
0.085

𝑚8 (kg)
0.98
𝑘8 (m)
0.051

the manipulator and the obstacle, since 𝑑min > 𝐿 min during
the experiment in Figure 19. The scenes of the experiment
are shown in Figure 20. The follow motion and the avoidance
motion are demonstrated.

7. Conclusions
In this paper, an obstacle avoidance method of action support
7-DOF manipulators has been realized by using impedance
control and kinematic redundancy of the manipulator. A
joint rate vector has been used to avoid obstacles in the
way of changing the posture of the manipulators. The joint
rate vector has been calculated from the distance between
obstacles and the manipulator. The concept of the priority of
avoidance has been introduced, so that avoidance motions
precede follow motions when obstacles are close to the
manipulator. The usefulness of the proposed method has
been demonstrated through obstacle avoidance simulations
and experiments.
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This paper introduces the body weight support gait training system known as the AIRGAIT exoskeleton and delves into the design
and evaluation of its leg orthosis control algorithm. The implementation of the mono- and biarticular pneumatic muscle actuators
(PMAs) as the actuation system was initiated to generate more power and precisely control the leg orthosis. This research proposes
a simple paradigm for controlling the mono- and bi-articular actuator movements cocontractively by introducing a cocontraction
model. Three tests were performed. The first test involved control of the orthosis with monoarticular actuators alone without a
subject (WO/S); the second involved control of the orthosis with mono- and bi-articular actuators tested WO/S; and the third
test involved control of the orthosis with mono- and bi-articular actuators tested with a subject (W/S). Full body weight support
(BWS) was implemented in this study during the test W/S as the load supported by the orthosis was at its maximum capacity. This
assessment will optimize the control system strategy so that the system operates to its full capacity. The results revealed that the
proposed control strategy was able to co-contractively actuate the mono- and bi-articular actuators simultaneously and increase
stiffness at both hip and knee joints.

1. Introduction
Considerable assistive gait rehabilitation training methods
for the neurologically impaired (including stroke and spinal
cord injury (SCI) patients) have been developed using a
variety of actuation systems to generate the necessary force to
operate the leg orthosis. One of the best examples of gait
rehabilitation orthosis is the LOKOMAT (Hocoma AG,
Volketswill, Switzerland) or driven gait orthosis (DGO)
which is commercially available and extensively researched in
many rehabilitation centres [1–3]. This orthosis uses a DC
motor for the actuation power to control trajectory at the hip
and knee joints. Initially, this DGO implemented the position
controller for the control system. However, with further
research, this method was improved with the addition of the
adaptive and impedance controllers. Emphasis is placed on
providing adequate afferent input to stimulate the locomotor
function of the spinal cord and activate leg muscles that have

lost the capacity to actuate voluntary movement. On the other
hand, The Lower Extremity Powered Exoskeleton (LOPES)
is a gait rehabilitation orthosis that employs the Bowdencable driven series elastic actuator (SEA) with the servomotors as the actuation system to implement low-weight
(pure) force sources [4, 5]. This orthosis uses impedance
control as opposed to admittance control and is based on
position sensing combined with force actuation to operate
the lower limb extremity orthosis. This orthosis emphasises
on incorporating the Assist as Needed (AAN) algorithm into
the system to enhance the training effect by increasing the
active participation of patients.
Conversely, robot-assisted gait training (RAGT) with an
active leg exoskeleton (ALEX) implemented linear actuators
to manipulate the thigh device (hip joint) and shank device
(knee joint) [6, 7]. This exoskeleton uses a force-field controller by effectively applying forces on the ankle of the subject
through actuators located at the hip and knee joints. They
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also incorporate the AAN paradigm for rehabilitation into the
system which allows patients to participate more actively in
the retraining process compared to other currently available
robotic training methods. There is also a neurorehabilitative
platform for bedridden poststroke patients (NEUROBike)
that employs the use of brushless servomotors and pulleys
to actively control the angular excursions of the gait orthosis
[8]. This system implements the kinematic models of leg-joint
angular excursions during both walking and “sit-to-stand”
into the control algorithms to carry out passive and active
exercises. The aim of this system is to provide several exercises
at an early stage according to the severity of the pathology and
the intensity required by the programmed therapy.
The pneumatically operated gait orthosis (POGO) which
utilizes pneumatic cylinders as an actuation system is another
development [9]. This system incorporated the force and
position controller to conform to the pelvis and legs of the
subject to desired patterns. Due to the importance of generating normal sensory input during gait training, the POGO
developed a device that can accommodate and control the
naturalistic motion of the pelvis. In contrast, the robotic
gait rehabilitation (RGR) trainer uses servotube linear electromagnetic actuators to generate the power source for the
exoskeleton [10]. This system uses an expanded impedance
control strategy by switching the force field that affects the
obliquity of the pelvis to generate the corrective moments
only when the leg is in swing motion. This system was based
on the hypothesis that correction of a stiff-legged gait pattern
requires addressing both the primary and secondary gait
deviations to restore a physiological gait pattern. A newly
developed gait training robotic device is LOKOIRAN which
employs AC motors connected to a slide-crank mechanism
via belts and pulleys to provide the energy for the system
[11]. This system engages the speed control mode and the
admittance control mode to manage trajectory of the joints in
the robotic device. The objective of this system is to develop a
passive orthosis to fully support the patient and provide joint
angle data during training.
Recently, a robotic orthosis for gait rehabilitation utilising
PMAs was developed [12, 13]. This system incorporated the
AAN gait training algorithm based on the adaptive
impedance control which uses a boundary-layer-augmented
sliding mode control- (BASMC-) based position controller
to provide interactive robotic gait training. However, it only
implemented the use of monoarticular actuators at the hip
and knee joints to actuate the leg orthosis without considering
the implementation and control of bi-articular actuators.
Previous research on the AIRGAIT exoskeleton suggests that
the cocontraction of pneumatic McKibben actuators which
set up an antagonistic arrangement of bi-articular muscles is
able to increase stiffness of both hip and knee joints of the
orthosis [14, 15]. However, these antagonistic bi-articular
actuators only exerted a constant input pressure of 2.5
(bars) alternately at both sides. In view of this, this
research introduces the designed controller scheme and
strategy to optimize the control of bi-articular actuators
and actuate them in co-contractive-like movements. The
approach strategy for this designed controller scheme is the
derivation of a cocontraction model which facilitates the

Journal of Robotics
implementation of position and pressure-based controllers
which manage the antagonistic mono- and bi-articular
actuators simultaneously. To the authors’ best knowledge,
assistive leg orthosis that emphasizes on the control of
antagonistic bi-articular actuators using the PMA in the
gait rehabilitation field is yet to be extensively investigated
and made commercially available. This then provides the
motivation and purpose for this research.

2. Design System of AIRGAIT Exoskeleton
Figure 1 shows the schematic diagram for the AIRGAIT
exoskeleton. The design of this system and the mechanical
structures involved were thoroughly evaluated in previously
published papers [14, 15]. Currently, the AIRGAIT exoskeleton employs the PC-based control which utilizes the xPCTarget toolbox and MATLAB/Simulink software as the operating system. The input data is generated within the host-PC
and then transferred to the target-PC using the D/A converter
to operate the electropneumatic regulators. To realize the
cocontraction movements between the antagonistic monoand bi-articular actuators, one regulator for each actuator
was used. Then, measurements by the system (i.e., joints’
angle and PMAs’ pressure) provide feedback to the hostPC through the A/D converter. The rotary potentiometer
(contactless Hall-IC angle sensor CP-20H series, MIDORI
PRECISIONS) was used to determine the trajectory of the
hip and knee joints and then manage the PMAs’ contraction
parameters using a position controller. The compact pressure
sensor for pneumatic actuators (PSE540-R06, SMC) was used
to read the pressure level in each PMA, and the input patterns
of the PMAs were managed with the utilisation of a pressure
controller. This system will be converted to the Lab-View
system for the implementation of real-time control of gait
rehabilitation.
2.1. Mechanical Structure of the Leg Orthosis. The structure
of the leg orthosis covers the thigh at the lower end of hip
joint and shank at the lower end of the knee joint. The
ankle joint orthosis was not included as the foot clearance
during swing can be realized by implementing elastic straps, a
passive foot lifter, or passive orthosis [1, 4]. However, for the
implementation of the passive orthosis, the research on the
ankle orthosis of the AIRGAIT exoskeleton was conducted
separately. This leg orthosis was fixed in a sagittal plane at the
pelvis rotation to facilitate gait motion training for the hip and
knee joints [1, 4, 6, 10, 12]. The sagittal plane is a vertical plane
which passes from ventral (front) to dorsal (rear) dividing the
body into the right and left halves as shown in Figure 1(b).
Weight compensation for leg orthosis is provided for by
the parallel linkage and gas spring mechanisms. This limits
vertical motion during the training session [1, 4, 6, 10, 12].
The upper and lower parts of the leg orthosis (i.e., thigh and
shank) can be adjusted to agree with the height of the subject.
Parallel bars were used to attach the end connectors of the
mono- and bi-articular actuators (PMAs) at the anterior and
posterior sides of the leg orthosis. By using the slider, these
parallel bars can be adjusted accordingly to maximise the
outcome of the joints angle trajectory.
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Figure 1: Schematic diagram for body weight support gait training system (AIRGAIT).
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Figure 2: PMAs’ setting; (a) antagonistic mono-articular (hip and knee joints) actuators and (b) bi-articular actuators.

2.2. Mono- and Biarticular Muscle Actuators. The implementation of mono- and bi-articular actuators to actuate the
AIRGAIT exoskeleton leg orthosis is based on the McKibben
muscle actuator. These actuators were fabricated within
our laboratory using special tools which were designed to
assemble the parts of the actuator (i.e., rubber tube, braided
fabric, copper ring, end connector, and input connector). The
implementation of these mono- and bi-articular actuators is
based on the various human muscles (i.e., gluteus maximus,
gluteus minimus, gluteus medius, vastus lateralis, gastrocnemius, rectus femoris, and hamstring) and antagonistically
(i.e., anterior and posterior) attached to the leg orthosis.
Compared to monoarticular actuators, bi-articular actuators
require accurate input patterns to simultaneously actuate the
antagonistic actuators which control two joint angles [14,
15]. Although the bi-articular actuators may be considered
redundant in the actuation system, the strong force they
generate will improve the maximum angle extension, provide

precise movements, and ensure balance between antagonistic
actuators and stiffness at the joints [16–20].
The position setting of the antagonistic actuators is illustrated in the Figure 2, where the position of the antagonistic
mono-articular actuators both for the hip and knee joints is
placed in between the antagonistic bi-articular actuators. This
then provides the antagonistic bi-articular actuators with an
extra length which helps in achieving much wider movement
at the joints. The details on the best setup determination of
the antagonistic actuators were recorded earlier and can be
referred to in [21].
2.3. AIRGAIT Prototype. The prototype of the AIRGAIT
exoskeleton was developed in 2010 and extensively researched
for improvement. However, it is yet to be commercialized.
The research on gait training is progressing rapidly towards
enhancement in design structures and control algorithms. A
lone operator is sufficient for the running of this system. The
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(a)

(b)

Figure 3: Body weight support gait training system (AIRGAIT) prototype.

process involves providing the subject with information on
the training procedures and experiment protocols, putting on
of the body harness, attaching the assisted leg orthosis to the
lower limb of the subject, and finally, proceeding with the gait
training or experiment. Figure 3 shows the prototype of the
AIRGAIT exoskeleton.
2.4. Mechanical System. The mechanical structure of the
AIRGAIT exoskeleton is made up of three main parts which
are (a) the BWS system which consists of the body harness
and counter weight, (b) the treadmill training which involves
the treadmill and hand support, and (c) the assistive gait
training which comprises the lower limb powered orthosis,
spring, and parallel linkage (parallelogram). The spring and
parallel linkage were fixed in a sagittal plane so that the gait
motion training at hip and knee joints can be realized. The
sagittal plane also compensates for the vertical weight load
from the system [1, 4, 10, 12]. The subject is provided with the
BWS so that he/she will be able to maintain his/her balance
during the gait training or experimental tests [11, 22, 23].
A variable speed treadmill is also provided for the assisted
leg orthosis gait training and the body weight support gait
training [23, 24].
2.5. Safety Features. To ensure the safety of the subject during
the assisted gait rehabilitation and experimental tests, several
safety features were included in the AIRGAIT exoskeleton
design. The implementation of the PMA as the actuation
system is in itself a safety feature due to its naturally compliant
mechanism [25]. Also, the exclusion of the possibility of
short circuits in the actuation system during operation makes
it suitable for the human-robot interaction. Moreover, as
the system involves compressed air and the expansion and
contraction of the braided rubber tube, it is possible to
perform the orthosis in an underwater rehabilitation training
scenario. Our earlier laboratory study of the robotic gait
trainer (RGTW) indicated that hydrotherapy may be particularly effective in the treatment of individuals with hip joint
movement dysfunction [26]. Since the PMA characteristics
are based on its model parameters such as dimension (i.e.,

length and contraction) and pressure, the maximum contraction of PMA will prevent the exoskeleton of the AIRGAIT
leg orthosis from exceeding the limitation of the joints [27].
However, as a further precaution, a stopper was positioned
at the hip and knee joints of the leg orthosis to avoid the
unexpected and provide another safety feature. Additionally,
the implementation of the BWS system ensures that the
subject is able to maintain his/her balance and not fall over
while on the treadmill [22, 23].

3. Materials and Methods
3.1. Procedures. The exoskeleton of the AIRGAIT leg orthosis
is first adjusted to correspond with the position of the hip
and knee joints of the subject to obtain precise data during
the experimental tests. Then, the controller parameters for
the antagonistic mono-articular actuators (i.e., hip and knee
joints) are tuned until good joint trajectory is attained. This
is followed by the tuning of antagonistic bi-articular actuator
controller parameters. The control for the leg orthosis WO/S
is then set for different gait cycle (GC) speeds, and data for
the trajectory of the hip and knee joints are gathered. The
steps taken for testing W/S are (a) the subject is provided with
sufficient information regarding the tests and procedures, (b)
the subject is fitted with a body harness and a passive foot
lifter was secured at the ankle joint before the leg orthosis was
attached to the subject, and (c) the subject is provided with
the full BWS before the control of leg orthosis was performed
at different GC speeds including that of an average human.
Table 1 below shows the existing lower limb gait rehabilitation
orthosis systems such as LOKOMAT, LOPES, ALEX, Robotic
Orthosis for Gait Rehabilitation, and our research AIRGAIT
in terms of (1) type of actuator used as the actuation system;
(2) number of joint manipulators; (3) plane of actuated DOFs;
and (4) GC operating speed.
3.2. Experimental Tests. Three tests were conducted for the
experimental study. These tests were performed on one side
of the exoskeleton of the AIRGAIT leg orthosis. The first test
was conducted using two sets of antagonistic mono-articular
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Table 1: Existing lower limb gait rehabilitation orthosis systems comparison.

Orthosis system
LOKOMAT
Lower Extremity
Powered Exoskeleton
(LOPES)
Active Leg Exoskeleton
(ALEX)
Robotic Orthosis for
Gait Rehabilitation
Body Weight Support
Gait Training System
(AIRGAIT)

Comparison between existing lower limb gait rehabilitation orthosis systems
Actuated
Type of actuator
Number of joints
Operating speed
DOFs
Hip and knee joints,
DC motors
passive foot lifter was
Sagittal plane
0.56 m/s
applied at ankle Joint
Bowden cable series
Hip and knee joints,
elastic actuators (SEA)
elastic straps was applied Sagittal plane
0.75 m/s
and servomotors
at ankle joint
Hip, knee, and ankle
Linear actuators
Sagittal plane 0.40 m/s up to 0.85 m/s
joints
Pneumatic muscle
Hip and knee joints, foot
actuators (monoarticular lifter was used at ankle
Sagittal plane
0.60 m/s
actuators)
joint
0.35 m/s (4s GC),
Pneumatic muscle
Hip and knee joints, foot
0.47 m/s (3s GC),
actuators (mono- and
lifter was used at ankle
Sagittal plane
0.70 m/s (2s GC), and
biarticular actuators)
joint
1.40 m/s (1s GC)

actuators (i.e., hip and knee joints) tested WO/S; the second
with the addition of one set of antagonistic bi-articular
actuators tested WO/S; and the third with the addition of one
set of antagonistic bi-articular actuators tested W/S. Full BWS
was implemented in this study during the test W/S as the
load supported by the orthosis was at its maximum capacity.
This assessment will optimize the control system strategy so
that it operates at its maximum capability. The options for the
subject were not really critical as the focus of the research
is on the design controller. As such, the subject chosen was
young, healthy, and not bearing any neurological disorder.
With this, we were able to instruct the subject to be passive
during the experimental tests. To achieve the natural posture
of gait motion during training, the passive foot lifter was used
to ensure enough foot clearance during the swing phase [1, 4].
The control of the leg orthosis WO/S and W/S is displayed
in Figures 4 and 5. For the first and second tests (WO/S), GC
speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second were
evaluated for the design controller scheme. Four GC speeds
were also evaluated for the third test (W/S). Five trials were
performed for each GC speed, and each trial consisted of five
cycles including the initial cycle position. The total GCs
performed for each GC speed was around 25 cycles. The
average GC was then calculated and represented in a graph.
Based on these data, three comparative evaluations were
analysed to determine the design controller scheme and
strategy performance. These were (a) between the monoarticular actuators alone (i.e., hip and knee joints) and with
bi-articular actuators, (b) between the cocontraction model
based position (P) controller scheme and the cocontraction
model based position-pressure (PP) controller scheme tested
WO/S, and (c) between the cocontraction model based P
controller scheme and the cocontraction model based PP
controller scheme tested W/S. The design controller scheme
and strategy performance were evaluated based on the GC,
movement of hip and knee joints trajectory, maximum joint
angle extension, inertia, gravitational effect, and time shift.
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4. Control System
4.1. Controller Algorithm. Figure 6 shows the schematic diagram of the exoskeleton of the AIRGAIT leg orthosis controller schemes. Figure 6(a) shows the cocontraction model
based P controller, and Figure 6(b) shows the cocontraction
model based PP controller. Unlike other control algorithms
for PMA, the designed controller scheme does not predict
or measure the required torque at the joints [25, 28–30].
Rather, it correlates the angle information of the joints with
the dynamic characteristics of the PMA (i.e., contraction
and pressure) and then realizes the position and pressure
controls. In order to implement this controller scheme, the
cocontraction model was developed. The control strategy was
to execute the cocontraction model based position-pressure
controller scheme. The position controller was used to tune
the cocontraction model parameters (activation levels) while
the pressure controller was used to control the input patterns
of the antagonistic mono- and bi-articular actuators. The
derived cocontraction model provides the input patterns for
the mono- and bi-articular actuators and simultaneously
actuates the antagonistic actuators cocontractively, while
the PMA model was determined in order to consider the
characteristics of the PMA that were to be introduced into the
controller design. This dynamic model was evaluated in an
experimental study and represented in an equation. The
proposed controller scheme was specifically designed for
simplifying the control of antagonistic bi-articular actuators
so as to enhance the stiffness at both hip and knee joints. It
is an arduous task to construct the plant model of leg orthosis
(with antagonistic mono- and bi-articular PMAs) for the
implementation of the Stochastic Optimization method to
determine the control parameters of the design controller. As
such, the heuristic method was implemented.
4.2. Cocontraction Model. The cocontraction model generates the input patterns for the antagonistic mono- and
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Figure 4: Control of the leg orthosis without a subject (WO/S).

bi-articular actuators (i.e., anterior and posterior) in order
to realize the method for implementing the position-pressure
controller scheme. This model correlates information on the
joints with the dynamic characteristics of the PMA (i.e.,
contraction and pressure). Based on the derived mathematical model, the contraction of antagonistic mono-articular
actuators can be characterized as proportional and inversely
proportional (1st-order system) to the angle of the joint. As
for the bi-articular actuators, a much higher-order system
is required to enable these actuators to manage two joints
simultaneously. To control these joints effectively, the input
patterns for the antagonistic bi-articular actuators should
be sufficiently accurate as this will ensure the efficient performance of the antagonistic mono-articular actuators and
facilitate co-contractive movements between the antagonistic
actuators. Determination of the co-contractive input for the
bi-articular actuators is insufficient to achieve complete gait

motion of the leg orthosis without the inclusion of monoarticular actuators. Thus, the role played by the control
of the mono-articular actuators is crucial in the successful
implementation of the bi-articular actuators.
Figure 7 shows the process of measuring the reference
signal (input patterns) for the antagonistic mono- and biarticular actuators. Figure 7(a) shows the reference angle of
hip and knee joints. Point (A) shows the maximum contraction input pattern for the anterior actuators and minimum
contraction input pattern for the posterior actuators as
shown in Figure 7(b). Point (B) shows the maximum contraction input pattern for the posterior actuators and minimum
contraction input pattern for the anterior actuators as shown
in Figure 7(c). Based on this positional data information,
the contraction patterns (i.e., 𝐶1–𝐶6) of the mono- and biarticular actuators were then determined using the mathematical derivation as follows.
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Figure 5: Control of the leg orthosis with a subject (W/S).

Mono-articular actuators for the hip joint:
𝑟
𝐶1 = 𝜀ℎ𝑎 (𝑡) = ( ℎ ) ⋅ 𝛼ℎ ⋅ 𝜃ℎ𝑎 (𝑡) ≤ 0.3,
𝑙𝑜hip
𝐶2 = 𝜀ℎ𝑝 (𝑡) = (

𝑟ℎ
) ⋅ 𝛽ℎ ⋅ 𝜃ℎ𝑝 (𝑡) ≤ 0.3.
𝑙𝑜hip

Bi-articular actuators for hip and knee joints:
𝐶5 = 𝜀𝑏𝑎 (𝑡) = (
(1)

Mono-articular actuators for the knee joint:
𝐶3 = 𝜀𝑘𝑎 (𝑡) = (
𝐶4 = 𝜀𝑘𝑝 (𝑡) = (

𝑟𝑘

𝑙𝑜knee
𝑟𝑘

𝑙𝑜knee

) ⋅ 𝛼𝑘 ⋅ 𝜃𝑘𝑎 (𝑡) ≤ 0.3,
(2)
) ⋅ 𝛽𝑘 ⋅ 𝜃𝑘𝑝 (𝑡) ≤ 0.3.

𝑟bi
) ⋅ 𝛼bi ⋅ (𝜃ℎ (𝑡) + 𝜃𝑘 (𝑡))𝑎 ≤ 0.3,
𝑙𝑜bi

𝑟
𝐶6 = 𝜀𝑏𝑝 (𝑡) = ( bi ) ⋅ 𝛽bi ⋅ (𝜃ℎ (𝑡) + 𝜃𝑘 (𝑡))𝑝 ≤ 0.3,
𝑙𝑜bi

(3)

where 𝜀 is the contraction patterns; 𝑟 is the PMAs distance
from the joints; 𝑙𝑜 is the PMA initial length; 𝛼 and 𝛽 are the
anterior and posterior muscle activation levels; and 0.3 value
is the PMAs’ maximum contraction. The derivation of this
cocontraction model for the mono- and bi-articular actuators
was recorded earlier and can be referred to in [31].
This model was first verified by using the least squares
(LS) and recursive least squares (RLS) prediction methods
between the inputs patterns and the joint angles as can be
seen in Table 2. The coding was programmed in MATLAB
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Figure 6: Schematic diagram of the exoskeleton of the AIRGAIT leg orthosis controller schemes. (a) Cocontraction model based P controller
and (b) cocontraction model based PP controller, where (𝐶1–𝐶6) are the contraction input patterns, (𝐶𝑛1–𝐶𝑛6) are the corrected contraction
input patterns, (𝑃1–𝑃6) are the pressure input patterns, and (𝑃𝑛1–𝑃𝑛6) are the corrected pressure input patterns.
Table 2: Input patterns model verification using LS and RLS prediction methods.
LS and RLS prediction between the input patterns and the joint angles
LS method
RLS method
PMA actuators
1st order
𝑛th order
1st order
Monoarticular (hip)-Anterior PMA
Yes (proportional)
—
Yes (proportional)
Monoarticular (hip)-Posterior PMA
Yes (inversely proportional)
—
Yes (inversely proportional)
Monoarticular (knee)-Anterior PMA
Yes (proportional)
—
Yes (proportional)
Monoarticular (knee)-Posterior PMA Yes (inversely proportional)
—
Yes (inversely proportional)
Biarticular (hip)-Anterior PMA
No
No
No
Biarticular (hip)-Posterior PMA
No
No
No

language. Based on the predetermine Transfer Function (TF),
the contraction of antagonistic mono-articular actuators can
be differentiated as proportional and inversely proportional
(1st-order system) to the angle of the joint. However, the
model for the antagonistic bi-articular actuators cannot be
verified by using the LS and RLS prediction methods, as it
requires much higher-order and complex system. This could
be verified by using nonlinear ARX model or genetic algorithm (GA).

𝑛th order
—
—
—
—
No
No

4.3. PMA Model. The development of the PMA model is
for the purpose of increasing the effectiveness of the cocontraction model. While the cocontraction model provides the
antagonistic actuators with the contractive data, this model
translated that data into pressure patterns [in Volts] for
activating the electropneumatic regulators. The dynamic
characteristics of the PMA such as dimension (i.e., length and
muscle contraction), pressure, and force data were determined in an experimental study. A model equation was
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Figure 7: Input patterns of the antagonistic mono- and bi-articular actuators. 𝜃ℎ is the hip joint angle; 𝜃𝑘 is the knee joint angle; 𝜃ℎ𝑎 , 𝜃𝑘𝑎 , and
(𝜃ℎ + 𝜃𝑘 )𝑎 are the positional data for the anterior actuators; and 𝜃ℎ𝑝 , 𝜃𝑘𝑝 , and (𝜃ℎ + 𝜃𝑘 )𝑝 are the positional data for the posterior actuators.

then formulated to represent the PMA characteristics data
with the high accuracy of 6th-order polynomial. This will
be used as the reference model for the control strategy as
can be seen in Figure 8. The cocontraction model control
scheme considers the nonlinearity behaviour of the PMA
by controlling the muscle activation level of the PMA. The
PMA static model at zero load condition was defined as the
minimum boundary to determine the nonlinearity area of
the PMA. As the critical muscle activity with regard to the
PMA is during its contraction, only the contraction mode
was considered to realize the cocontraction movements
between the antagonistic mono- and bi-articular actuators.

The evaluation and derivation of this PMA model have been
recorded earlier and can be observed in [21].

5. Results and Discussion
In this section, findings for the designed controller scheme
tests and strategy were evaluated and discussed. The modus
operandi from the early stage until the final stage was appropriately modelled to optimize the flow of this research. The
discussion and evaluation of the findings were divided into
three parts to explain each stage of the study. It comprises
three assessments for evaluating the performance of the
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Figure 8: Cocontraction model control scheme’s strategy, where
(1) PMA static model of pressure versus contraction at zero load
condition; (2) PMA hysteresis model at zero load (𝑓0 ) condition;
(3) PMA hysteresis model at load (𝑓1 , 𝑓2 , 𝑓3 , . . .) condition; (4) PMA
model using 6th-order polynomial equation; (5) contraction input
pattern for the antagonistic mono- and bi-articular actuators; (6)
controlled contraction input patterns after the controls of the muscle
activation level (𝛽); Δ𝑃 is the sudden increase in pressure due to the
PMA nonlinearity; and Δ𝛽 is the increase in muscle activation level.

design controller scheme. These assessments are (a) comparison between the mono-articular actuators acting on
their own (i.e., hip and knee joints) and with the addition
of bi-articular actuators, (b) comparison between the cocontraction model based position (P) controller and the cocontraction model based position-pressure (PP) controller, and
(c) comparison between the control of the leg orthosis WO/S
and control of the leg orthosis W/S. The evaluation was
based on the GC, movement of the trajectory of the hip and
knee joints, maximum angle extension of the joints, inertia,
gravitational effect, and time shift.
5.1. Control of the Leg Orthosis WO/S: Evaluation on Antagonistic Actuators. The focus of this assessment is on the
implementation of cocontraction input patterns to control
the mono- and bi-articular actuators of the exoskeleton of

the AIRGAIT leg orthosis. It was conducted to determine
the limitations when using mono-articular actuators alone
and the advantages to be gained with the inclusion of biarticular actuators. Two tests were conducted. The first using
the mono-articular actuators only (i.e., hip and knee joints)
tested WO/S and the second with the addition of bi-articular
actuators tested WO/S. These tests were evaluated at four GC
speeds of 4 seconds, 3 seconds, 2 seconds, and 1 second so as
to raise the stakes of the design controller and the appraisal
of the strategy by increasing the GC speed. A total of 25
GCs were performed for each GC speed including the initial
position cycle, and data related to the trajectory of the joints
were then gathered. The average GC for each GC speed was
measured and represented in a graph.
Figures 9 and 10 show the trajectory evaluation of the
joints of the leg orthosis controls between two settings (i.e.,
mono-articular actuators only and with the inclusion of biarticular actuators) tested WO/S using a cocontraction model
based PP controller. Based on the four GC speeds evaluation,
it is evident that the leg orthosis was able to perform the
gait motion smoothly up to a GC speed of 2 seconds. For
the GC speeds of 4 seconds, 3 seconds, and 2 seconds, the
orthosis displayed the complete gait motion (i.e., heel strike,
foot flat, middle swing, and wide swing) by implementing
the designed controller scheme. With the increments in GC
speed, the time allocated for completing one GC will be
reduced as the graph shifted forward. However, even with the
forward shifting of the graph, the time delay in the system was
only approximately 0.2 seconds for each GC speed. For the
control of leg orthosis using mono-articular actuators alone,
it was expected that the trajectory of the joints will be slightly
coarse due to the nonlinearity behaviour (i.e., compressible
and hysteresis) of the PMA. Although this result may suggest
that mono-articular actuators alone are able to support the
orthosis, it must be noted that this evaluation was conducted
WO/S. The situation changes during implementation W/S as
the weight attributed to the actuators is increased. When the
inertia and gravitational effect are included in the equation,
the limitations of mono-articular actuators acting alone
become evident as each actuator is only capable of sustaining
a pressure level of 5 (bars). Moreover, due to the position
of the antagonistic actuators, the length of mono-articular
actuators is much shorter than those of bi-articular actuators.
This reduces the maximum angle extension the joints can
achieve especially at the knee where a much wider movement
(63 degrees) is required compared to the hip. This maximum
angle extension is the maximum value of reference angle of
the hip and knee joints, both the anterior and posterior sides.
This value can be inferred from Winter [32].
However, with the introduction of the bi-articular actuators, the coarse movement was reduced and the stiffness
at the joints was improved due to the significant force
exerted by these actuators. Manipulators that, equipped with
bi-articular actuators have been proved to have numerous
advantages such as (1) dramatically increase in range of end
effectors, (2) improvement of balance control, (3) efficiency
increase of output force production, and (4) an arm that
is equipped with bi-articular actuators having the ability
to produce a maximum output force at the end effectors
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Figure 9: Hip joint trajectory for the control of the leg orthosis WO/S using a cocontraction model based PP controller.

in a more homogenously distributed way [18–20]. Even
though the sources of the actuation system were different, the
fundamental functions of these bi-articular actuators (PMA)
should be similar. With a stable force assisting the movement
of the leg orthosis, it reduces the coarse movement and

improves the joints when compared to the leg orthosis actuated by the mono-articular actuators alone. The movement
of the antagonistic bi-articular actuators was able to balance
the coarse movement of the antagonistic mono-articular
actuators at the joints, thus reducing the effect of the
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Figure 10: Knee joint trajectory for the control of the leg orthosis WO/S using a cocontraction model based PP controller.

hysteresis which was significant when implementing the
mono-articular actuators alone WO/S. This is also due to the
fact that the contraction of the PMA is in accordance
with the hysteresis model. However, as the expansion of
the PMA did not follow that of the hysteresis model, the

co-contractive movements between the antagonistic monoand bi-articular actuators were realized. At the GC speed
of 1 second, the orthosis was not able to perform the gait
motion completely with the heel strike stance. However, it
was still able to demonstrate the “foot flat up to swing stance”
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Table 3: Pearson coefficient of determination (𝑟2 ) for mono-articular (alone) and with addition of bi-articular actuators.
Pearson coefficient of determination (𝑟2 ) for monoarticular and Biarticular actuators
Hip angle CC value
Knee angle CC value
Joint actuators
4 s GC
3 s GC
2 s GC
1 s GC
4 s GC
3 s GC
2 s GC
Monoarticular actuators
0.8834
0.7921
0.3969
0.25
0.7569
0.4761
0.1764
Mono- and Biarticular actuators
0.9025
0.8281
0.7744
0.0576
0.7569
0.49
0.1444

1 s GC
0.0225
0.1296

Table 4: Pearson coefficient of determination (𝑟2 ) for co-contraction model based P and PP controllers.

Cocontraction model based
P controller
PP controller

Pearson coefficient of determination (𝑟2 ) for P and PP Controllers
Hip angle CC value
4 s GC
3 s GC
2 s GC
1 s GC
4 s GC
0.9139
0.7921
0.4761
0.0196
0.6241
0.9274
0.8649
0.7744
0.0625
0.7744

which provides the feel of a gait motion. By implementing the
derived cocontraction model, all the six antagonistic monoand bi-articular actuators were able to operate simultaneously
and co-contractively. Table 3 shows the Pearson coefficient
of determination (𝑟2 ) for the first assessment where the
control tests with mono-articular actuators (hip and knee
joints) alone and with addition of bi-articular actuators WO/S
were evaluated. This 𝑟2 value indicates how well the data
fits the reference joints’ trajectory. The result shows that the
addition of the bi-articular actuators produce much higher 𝑟2
coefficient values at most GC speeds as compared to monoarticular actuators alone.
5.2. Control of the Leg Orthosis WO/S: Evaluation of Designed
Controller Schemes. The focus in this second assessment
is on the evaluation of the designed controller schemes
and strategy. It was conducted to determine the limitations
of the position-based controller when acting on its own,
and the superiority of the combined position-pressure-based
controller. Two experiments were conducted. In the first, the
cocontraction model based P controller scheme was tested
WO/S, and in the second, the cocontraction model based
PP controller scheme was tested WO/S. Both tests were performed with the presence of mono- and bi-articular actuators
and evaluated at different GC speeds of 4 seconds, 3 seconds,
2 seconds, and 1 second. Five trials were performed for
each GC speed, and each trial consisted of five cycles
including the initial cycle position. Thus, a total of 25 GCs
were obtained for each GC speed. The average GC for each
GC speed was then determined and illustrated in a graph.
Table 4 shows the Pearson coefficient of determination (𝑟2 )
for the second assessment where the control tests for P and
PP controllers of leg orthosis with mono- and bi-articular
actuators WO/S were evaluated. The result shows that the
addition of the pressure controller (PP) produces much
higher 𝑟2 coefficient values at all GC speeds as compared to
position controller alone (P).
Figure 11 shows the trajectory evaluation of the joints of
the leg orthosis controls between two designed controller
schemes (i.e., cocontraction model based P controller and
cocontraction model based PP controller) tested WO/S. From
the results, it is evident that both designed controller schemes

Knee angle CC value
3 s GC
2 s GC
0.4356
0.09
0.5184
0.16

1 s GC
0.1444
0.1681

were able to wholly achieve the gait motion smoothly up
to a GC speed of 2 seconds. However, failure to perform
a complete gait motion was experienced at a higher GC
speed of 1 second. These results reveal that PMA muscle
activities (i.e., contraction, expansion, and response time)
were curtailed at a GC speed above 2 seconds as the time
allocated for completing the GC was drastically reduced.
However, the results illustrate that the time response of the
PMA muscle activity was much better with the implementation of the PP controller scheme compared to only the P
controller scheme. Furthermore, the PP controller scheme
was able to maintain the maximum angle extension achieved
at the posterior side of the hip joint trajectory for all GC
speeds compared to the P controller scheme (reduced with
increase in GC speed) as can be seen in Figures 11(a) and 11(b)
of hip joint trajectories. PMA control was insufficient with
the P controller scheme alone as the dynamic characteristics
of PMA include pressure activity. Through the introduction
of a cocontraction model based PP controller scheme with
modified design architecture, the maximum angle extension
and time response of the system were improved at most
GC speeds. This indicates that the addition of the pressure
controller was able to improve the response time of the system
as the pressure increased exponentially with the contraction
of PMA, consequently increasing the speed of PMA muscle
activity during contraction mode.
Based on the results, the trajectory of the joints was
slightly coarse at slower GC speeds (i.e., 4 seconds and 3
seconds), as unlike the extension of the joint, the leg orthosis
goes against the gravitational effect during the flexion of the
hip joint. However, this effect was reduced with an increase
in GC speed at the cost of insignificant angle extension.
Conversely, only slight effects were detected in the knee
trajectory for both controller schemes as the high muscle
moment was larger at the hip joint compared to the knee joint.
When implementing the PP controller scheme, the maximum
angle extension at the posterior side of the knee joint trajectory was slightly reduced with the improvement in PMA muscle activity response time. This is due to the maximum contraction achievable by each PMA (30% of its original length)
which results in a limitation of orthosis movements. The
speed of PMA muscle activity will reduce considerably with
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Figure 11: Hip and knee joints’ trajectory evaluation of the leg orthosis controls between two designed controller schemes (i.e., P controller
and PP controller) tested WO/S.

the approach of its maximum contraction. This affects the
trajectory performance of the joints especially at the posterior
side of the knee joint which requires a larger angle extension
(63 degrees).
5.3. Control of the Leg Orthosis W/S. The focus in this third
assessment is on the evaluation of the cocontraction model

based P and PP controller scheme at the end point (EP) of
the leg orthosis. It was conducted to determine the reliability
of the designed controller scheme when implemented on leg
orthosis and tested both WO/S and W/S. Two tests were
conducted. The first involved leg orthosis controls WO/S and
the second, leg orthosis W/S. Both tests were performed with
the presence of mono- and bi-articular actuators. Similar to
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previous assessments, the design controller scheme was evaluated at four GC speeds of 4 seconds, 3 seconds, 2 seconds,
and 1 second. The normal GC speed of 1.25 seconds was not as
necessary in the early stages of the gait rehabilitation therapy
as it might not be able to furnish adequate afferent input to
stimulate locomotor centres. However, during the later stages
of rehabilitation therapy, gait training at the normal GC speed
might be required. From the viewpoint of control architects,
it is important to determine the system’s maximum operating
GC speed for the performance evaluation. A total of 25 GCs
for each GC speed were collected, and the average GC was
represented in a graph.
Figures 12 and 13 display the EP trajectory evaluation
of the leg orthosis controls. This evaluation was carried out
using the cocontraction model based P and PP controller
scheme for tests WO/S and W/S. The results revealed that
both designed controller schemes were able to achieve a good
EP trajectory for all GC speeds of 4 seconds, 3 seconds,
2 seconds, and 1 second. Although the performance level
dipped at a slower GC speed due to the inertia, good gait
motion was displayed especially during the stance phase of
GC both WO/S and W/S tests up to GC speed of 1 second.
The coarse movement during the swing phase might be due
to the increased load supported by the mono- and bi-articular
actuators which forced the actuators into contraction mode
to sustain the load much longer at a slower GC speed. This
created an unbalanced state which disturbed the pressure
activity of the antagonistic muscle actuators. Since the time
allocated for completing one cycle was reduced with increases
in GC speed, the posterior mono- and bi-articular actuators
that contracted were unable to receive the control information fast enough to initiate the swing phase at the knee joint.
This reduced the response time at the mid-swing phase (60∼
80% GC) due to the slowing down of PMA muscle activity as
it approached maximum contraction.
To increase the response time of the design controller
scheme at faster GC speeds, especially during the maximum
angle extension of the knee joint, the constraints related to
the actuator need to be reduced. These constraints include
the inability of the system’s operating pressure to withstand
more than 5 (bars) of maximum load. The gravitational effect
also affected the gait motion performance at the hip joint
during the muscle flexion (0∼50% GC) as the anterior monoarticular actuators and anterior bi-articular actuators were
working against gravity during the leg expansion. This “leg
expansion” is the gait motion from the heel strike stance up
to toe off stance. It is an observed fact that the performance
of the PMA controls faltered in the face of the gravitational
effect. Therefore, it might be practical to lower the muscle
activation level of the actuators in expansion mode so as to
reduce the gravitational effect on the orthosis. Additionally,
the effect can also be reduced by increasing the PMA muscle
activity and the GC speed.
To determine the performance of the design controller
schemes for both WO/S and W/S tests, the evaluation will be
based on the effective work and the inertia produced by the
EP trajectory of the leg orthosis controls. Figure 14 shows the
effective work and inertia for the control of leg orthosis for
both WO/S and W/S tests using cocontraction model based P
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and PP controllers. It is illustrated using mean value and standard deviation. Based on the researches carried out by Banala
et al., to quantitatively determine the amount of adaptation,
they implement a measure called “footpath deviation area.”
This area is the geometric area included between the swing
phases of given foot trajectory and prescribed trajectory. The
amount of area is the deviation of given trajectory from
prescribed trajectory in the template [6, 7]. By using the same
principle, the effective work is defined as the area covered
by the EP trajectory within the reference trajectory (inside
area), while inertia is defined as the area covered by the
EP trajectory outside the reference trajectory (outside area).
These data (i.e., effective work and inertia) were measured
as ratio of the covered area to the total reference trajectory
area. It is inevitable that the inertia will eventually occur as
we tried to increase the GC speed from 4 s GC (0.35 m/s) up
to 1 s GC (1.40 m/s), in which similar patterns can also be
observed in [6]. Therefore, over 60% of effective work was
judged as the minimum requirement to determine whether
the leg orthosis was able or not to follow the reference foot
trajectory. However, the total work done by the orthosis is
defined as the sum of the effective work and inertia.
For the tests WO/S, both controller schemes produced
nearly comparable effective work at the evaluated GC speeds
of 4 seconds, 3 seconds, 2 seconds, and 1 second with 60%
up to 89% of the ideal value. This effective work was reduced
with the increases in the GC speed as the maximum knee
angle extension achieved was reduced. However, with over
60% effective work achieved at all GC speeds; both designed
controller schemes can be presumed to work properly. On
the other hand, the inertia also occurred as the EP trajectory
deviated outward from the reference trajectory. This inertia
will always present at every GC speed due to the deviation.
However, this inertia magnitude will vary with the increase
of GC speed. Based on Figure 14(a), it can be seen that the
cocontraction model based P controller was generating much
higher inertia during the controls of leg orthosis with −13% up
to −54% inertia as compared to −11% up to −43% inertia using
cocontraction model based PP controller at all GC speeds.
With these data, the leg orthosis was then tested W/S to
determine the reliability of the designed controller schemes.
For the tests W/S, both controller schemes also produced
nearly comparable effective work at the evaluated GC speeds
of 4 seconds, 3 seconds, 2 seconds, and 1 second with 63% up
to 85% of the ideal value. This effective work was maintained
with over 60% effective work achieved at all GC speeds when
compared to the test WO/S. On the other hand, based on the
generated inertia evaluation, the inertia produced when using
the cocontraction model based P controller was increasing
with the increase of the GC speed, especially at the faster
GC speeds of 2 seconds and 1 second. This indicates that
the P controller alone was not enough to control the EP
trajectory of the leg orthosis in the presence of inertia effect.
However, when using the cocontraction model based PP
controller, it was able to maintain the inertia produced at all
evaluated GC speeds when tested both WO/S and W/S as
illustrated in Figures 14(a) and 14(b). The generated inertia
was around −13% up to −45% inertia (almost similar to the
test WO/S with −11% up to −43% inertia) as compared to
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Figure 12: End point trajectory for the leg orthosis WO/S using cocontraction model based P and PP controllers.
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Figure 13: End point trajectory for the leg orthosis W/S using cocontraction model based P and PP controllers.
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Figure 14: Effective work and inertia for the control of leg orthosis for both WO/S and W/S tests using cocontraction model based P and PP
controllers.

−15% up to −79% inertia when using P based controller
scheme. This concludes that the PP controller scheme was
able to correspond to the inertia effect and thus gave a more
stable EP trajectory of the leg orthosis at the evaluated GC
speeds.

6. Conclusions
This research introduces the designed controller scheme and
strategy to optimize the control of bi-articular actuators in cocontractive movements with the presence of mono-articular

Journal of Robotics
actuators. The approach strategy for this designed controller
scheme is the derivation of a cocontraction model which
facilitates the implementation of position and pressure-based
controllers. The proposed cocontraction model based PP
controller scheme correlates information on the joints with
the dynamic characteristics (i.e., contraction and pressure)
of the PMA. Input patterns are then generated for the
antagonistic mono- and bi-articular actuators compared to
the other control algorithms for PMA that predict or measure
the required torque for the joints.
Three tests were performed on the leg orthosis with
the first using mono-articular actuators alone tested WO/S;
the second with the addition of bi-articular actuators tested
WO/S; and the third with the addition of bi-articular actuators tested W/S. Three assessments were evaluated to determine the performance of the designed controller scheme.
The first assessment summarized that the addition of biarticular actuators improved the joint stiffness of both the
hip and knee. The bi-articular actuators also stabilized the
coarse movements created by the mono-articular actuators
during flexion of the joints and improved the maximum
angle extension achieved at the knee joint. The second
assessment concluded that compared to using the position
based controller alone, the inclusion of the pressure-based
controller improved the response time of PMA muscle
activities due to the effects of contraction and expansion. The
designed controller scheme was able to achieve complete gait
motion of leg orthosis (i.e., hip and knee joints) until a GC
speed of 2 seconds with a slight time shift of approximately
only 0.2 seconds. The third assessment concluded that the
cocontraction model based PP controller scheme was able
to achieve a good EP trajectory of the leg orthosis up to GC
speed of 1 second. The effective work achieved was over 60%
of ideal value at all GC speeds of 4 seconds, 3 seconds, 2
seconds, and 1 second. Moreover, the generated inertia was
also maintained at all GC speeds. This concludes that the PP
controller scheme was able to correspond to the inertia effect
and then optimize the controls of leg orthosis. The modified
control scheme will be introduced in the next assessment to
consider the gravitational effect on the antagonistic actuators
as to improve control of the EP trajectory of the leg orthosis.
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In the last few years, the number of projects studying the human hand from the robotic point of view has increased rapidly, due
to the growing interest in academic and industrial applications. Nevertheless, the complexity of the human hand given its large
number of degrees of freedom (DoF) within a significantly reduced space requires an exhaustive analysis, before proposing any
applications. The aim of this paper is to provide a complete summary of the kinematic and dynamic characteristics of the human
hand as a preliminary step towards the development of hand devices such as prosthetic/robotic hands and exoskeletons imitating
the human hand shape and functionality. A collection of data and constraints relevant to hand movements is presented, and the
direct and inverse kinematics are solved for all the fingers as well as the dynamics; anthropometric data and dynamics equations
allow performing simulations to understand the behavior of the finger.

1. Introduction
The human hand is a complex mechanism; it has a wide
range of DoFs, allowing a great variety of movements. In
recent years, as robotics has advanced, significant efforts have
been devoted to the development of hand devices. The two
main related application fields are prosthetic/robotic hands
and exoskeletons. On one side, robotic hands are developed
with the characteristics complying to those of the human
hand, taking advantage of its variety of movements, thereby
avoiding the use of a large number of end effectors when
performing tasks with different objects (e.g., Eurobot [1],
Robonaut [2]). On the other side, exoskeletons are designed
to fit onto the human hand, aiming at enhancing performance
in the carrying out of daily activities (e.g., improving astronauts’ hand performance during extravehicular activity [3])
or supporting the rehabilitation stage of hand injury recovery.
There are currently many different projects underway.
Schabowsky et al. [4] introduced a newly developed Hand
Exoskeleton Rehabilitation Robot (HEXORR), which was
designed to provide a full range of motion for all fingers.
NASA and General Motors presented a prototype of the
Human Grasp Assist device [5] (K-Glove). Worsnopp et al.

[6] introduced a finger exoskeleton for hand rehabilitation
following strokes, to facilitate movement, especially pinch.
Another project is being developed by Ho et al. [7]: their
exoskeleton hand is EMG driven, again for rehabilitation,
but working on all the fingers. All of these projects present
a different number of DoFs and different structures, but in
general they are developed with the objective of mimicking
the main characteristics of the human hand. This implies
a complete understanding of these characteristics, involving
the anthropometric dimensions of the human hand, its kinematics, and its dynamics.
This paper aims at analyzing all the aforementioned
aspects. It is organized as follows: Section 2 presents anthropometric data about the hand, such as dimensions of the hand
and phalanges; Section 3 contains the main constraints of finger movements, explaining each type of constraint in the natural movement of the human hand; Section 4 describes the
kinematical model of the hand; direct and inverse kinematics
are developed step by step. Section 5 presents the dynamics
of a single finger; Section 6 shows the implementation of the
dynamic equations on a practical example. Finally, conclusions are presented in Section 7.
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2. Human Hand Data
The human hand is composed of 5 digits: 4 fingers (index,
ring, middle, and little fingers) and the thumb. The thumb is
characterized by three articulations and three phalanges. The
fingers also comprise three different articulations and four
phalanges. Figure 1 shows names and acronyms of each articulation and phalanx. The wrist has two functional DoFs. The
TMC joint of the thumb holds two DoFs (flexion/extension
and adduction/abduction). A single DoF (flexion/extension)
characterizes the MCP and IP joints of the thumb as well as
the PIP and DIP joints of the fingers. Whereas the eight bones
of the carpus articulate finely with each other producing small
deformations, their representation in a single rigid segment is
a consistent approximation [8].
The analysis of kinematics and dynamics requires knowledge regarding the dimensions of the fingers and of the palm
and their respective range of motion (RoM); those data are
reported below. Tables 1 and 2 show the results of Garrett’s
studies [9, 10] for finger lengths and palm dimensions, measurements that were taken from the right hands of 148 men
and 211 women. In Table 1, crotch to tip is the distance along
the axis of the digit from the midpoint of its tip to the level
of the corresponding webbed crotch between two digit; wrist
crease to tip is the distance along the axis of the digit from the
midpoint of its tip to the wrist crease baseline.
A few researchers have measured the length of each phalanx separately. A study with a variety of candidates is the one
performed by Habib and Kamal [11]. The results of their study
for each phalanx of index, middle, ring, and little fingers are
in Table 3 (I1 means distal phalanx, I2 middle phalanx, and
I3 proximal phalanx of the index finger. The same notation
is used for other digits). A similar survey is also present in
Jasuja and Singh’s study [12]. As shown in Table 3, the average
dimensions of the hand are quite similar to the ones presented
in Table 2, with a maximum difference of 2.18%. The data
presented here is the sample distribution over geographic regions and Air Force Commands, which may be quite
representative of possible EVA glove users.
As mentioned above, those data can give us an idea of
the mean values of the length of each element that composes
the human hand. With proper modifications, this data can
also be used to compose a model to simulate its movements:
in particular, it must be taken into account that the distance
between a joint and a digit webbing is not representative of
the equivalent link length. A simulation was performed, and
the results are presented in Section 6.

3. Constraints Overview
Hand and digit motions are subject to several constraints that
limit the range of the natural movements of human fingers.
Constraints can be roughly divided into three types: static,
intrafinger, and interfinger constraints. Intra- and inter-finger, constraints are often called dynamic constraints that in
the fingers of the hand are essentially constraints between
joint motions. However, this range of movement is somewhat
ambiguous because the range depends on various factors
involving human hand biomechanics; therefore they are
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Table 1: Mean finger lengths and palm dimensions of USAF male
(M)/female (F) flying personnel [9, 10] (cm).
Finger length
(crotch to tip)
Mean s.d. <5% <95%

Finger length
(wrist crease to tip)
Mean s.d. <5% <95%

M
Thumb
Index
Middle
Ring
Little

5.87 0.45 5.07
7.53 0.46 6.83
8.57 0.51 7.82
8.0 0.47 7.44
6.14 0.47 5.44

6.57
8.19
9.74
8.93
6.99

12.70
18.52
19.52
18.72
16.61

1.13
0.88
0.92
0.91
0.91

11.05
17.33
18.10
17.52
15.11

14.68
20.06
21.04
20.28
18.10

Thumb
Index
Middle
Ring
Little

5.37 0.44 4.68
6.90 0.52 6.10
7.79 0.51 7.01
7.31 0.52 6.52
5.46 0.44 4.80

6.12
7.80
8.68
8.22
6.24

11.05
16.67
17.65
16.76
14.64

1.00
0.89
0.87
8.94
0.92

9.51 12.83
15.21 18.14
16.22 19.05
15.28 18.20
13.11 16.12

F

Table 2: Average hand dimensions of USAF male (M)/female (F)
flying personnel [9, 10] (cm).
Joint
Hand length
M
F
Hand breadth
M
F
Hand circumference
M
F
Hand thickness
M
F
Hand depth
M
F

Mean length
19.72
17.93
8.96
7.71
21.59
18.71
3.29
2.76
6.19
5.17

difficult to be expressed in closed forms (i.e., equations)
and how to model such constraints still needs further investigation. The significance of taking finger constraints into
consideration is that this causes the DoFs of the human hand
to decrease. It is important to underline the fact that different
individuals can show significant variations regarding the following constraints.
3.1. Intrafinger Constraints. Intrafinger constraints are constraints between different joints in the same finger. Cobos et
al. [14] presented several constraints for fingers and thumb.
Equation (1) presents the relation between the joints of a finger, as first proposed by Rijpkema and Girard [15]:
2
3
𝜃DIP ≈ 𝜃PIP 𝜃PIP ≈ 𝜃MCP𝑓/𝑒 .
3
4

(1)
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3
Middle
Index

Ring
Little
Distal phalanx
Middle phalanx

Thumb
Distal phalanx
IP interphalangeal
Proximal phalanx
MCP metacarpophalangeal

DIP distal interphalangeal
PIP proximal interphalangeal

Proximal phalanx
MCP metacarpophalangeal
Metacarpal

Metacarpal
CMC carpometacarpal

TMC trapeziometacarpal

Figure 1: Anatomical details of the hand skeleton.
Table 3: Mean length of the hand and of the phalanges of index, middle, ring, and little fingers (cm).

Male right hand
Male left hand
Female right hand
Female left hand

Hand
19.29
19.36
17.60
17.62

I1
2.32
2.32
2.23
2.20

I2
2.37
2.39
2.24
2.24

I3
2.65
2.61
2.45
2.35

M1
2.60
2.60
2.44
2.24

In (2), the constraint relations between the joints when
flexing or extending the thumb are
1
𝜃IP ≈ 𝜃MCP𝑓/𝑒 ,
2
(2)
5
𝜃MCP𝑓/𝑒 ≈ 𝜃TMC𝑓/𝑒 .
4
These constraints are not strict. In fact, there are individuals who are more able than others to control their DIP
joint, and anybody can force a behavior slightly out of these
equations for any joint. However, in normal conditions those
constraints are respected quite faithfully.
It is important to underline that the constraints mentioned above are due to the physiologic nature of the human
hand. Additionally, other constraints can be considered, due
to ergonomics. In this case, the relations of the constraints
are related to a specific task, such as grasping a circular or a
prismatic object.
Table 4 shows the typical ergonomic constraints relative
to a circular grasping.
Therefore the thumb is defined by 2 DoFs, index finger by
2 DoFs, middle finger by 1 DoF, ring finger by 1 DoF, and little
finger by 3 DoFs. The ring finger is calculated on the basis
of the little and middle fingers joints. Therefore, the thumb,
the index finger, and the little finger are the most important
fingers when defining circular grasps [13].
Table 5 shows the ergonomic intrafinger constraints for a
prismatic grasp. As a result, the thumb is defined by 2 DoFs,
index finger by 2 DoFs, middle finger by 1 DoF, ring finger
by 1 DoF, and little finger by 3 DoFs. Comparing the circular
grasping and the prismatic one, the latter presents fewer
constraints among fingers.

M2
2.78
2.82
2.55
2.43

M3
2.80
2.75
2.56
2.53

R1
2.29
2.30
2.12
2.13

R2
2.56
2.59
2.34
2.36

R3
2.76
2.78
2.52
2.49

L1
1.96
1.95
1.79
1.77

L2
1.92
1.98
1.74
1.77

L3
2.51
2.49
2.26
2.26

3.2. Interfinger Constraints. Interfinger constraints correlate
two joints belonging to different fingers. For instance, with
the hand in the open position (at rest), when one bends the
index finger at the MCP joint, the MCP joint of the middle
finger bends automatically as well, with respective certain
proportionality.
As for intra-finger constraints, different individuals can
show important differences. Moreover, also in this case one
can forcefully overcome some of these constraints.
On the other hand, there are constraints that cannot be
explicitly represented in equations. A few cases are explained
below.
Some joints belonging to different fingers seem to be
“naturally” interconnected. By that, we mean that the respective angles vary more or less proportionally, that is, unless a
voluntary counter force is applied, imposing a different type
of motion. However, trying to move a finger in such an unnatural way often results in oddly fatiguing efforts.
For instance, there is a coupled movement when the index
finger and little finger are at rest. The flexion of the middle
finger is equal to the flexion of the ring finger as described in
𝜃MCP𝑓/𝑒 Middle ≈ 𝜃MCP𝑓/𝑒 Ring .

(3)

Another coupled movement is produced when flexing the
ring finger, thereby causing a slight flexion on the middle finger and on the little finger, that happens to be the same angle
rotation as described in
𝜃MCP𝑓/𝑒 Middle ≈ 𝜃MCP𝑓/𝑒 Little .

(4)

Thumb
No constraint
𝜃TMC𝑓/𝑒 = (11/10) 𝜃MCP𝑓/𝑒
𝜃MCP𝑓/𝑒 = (4/5) 𝜃IP𝑓/𝑒
No constraint

Index
𝜃CMC𝑓/𝑒 Index = 𝜃CMC𝑓/𝑒 Middle
No constraint
𝜃MCP𝑓/𝑒 Index = (4/3) 𝜃PIP𝑓/𝑒 Index
𝜃PIP𝑓/𝑒 Index = (3/2) 𝜃DIP𝑓/𝑒 Index

Middle
𝜃CMC𝑓/𝑒 Middle = (1/2) 𝜃CMC𝑓/𝑒 Ring
𝜃MCP𝑎𝑏/𝑎𝑑 Middle = (1/5) 𝜃MCP𝑎𝑏/𝑎𝑑 Index
𝜃MCP𝑓/𝑒 Middle = (4/3) 𝜃PIP𝑓/𝑒 Middle
𝜃PIP𝑓/𝑒 Middle = (3/2) 𝜃DIP𝑓/𝑒 Middle

Ring
𝜃CMC𝑓/𝑒 Ring = (2/3) 𝜃CMC𝑓/𝑒 Little
𝜃MCP𝑎𝑏/𝑎𝑑 Ring = (1/2) 𝜃MCP𝑎𝑏/𝑎𝑑 Little
𝜃MCP𝑓/𝑒 Ring = (4/3) 𝜃PIP𝑓/𝑒 Ring
𝜃PIP𝑓/𝑒 Ring = (3/2) 𝜃DIP𝑓/𝑒 Ring

Table 4: Intrafinger constraints for a circular grasp.
Little
No constraint
No constraint
𝜃MCP𝑓/𝑒 Little = (4/3) 𝜃PIP𝑓/𝑒 Little
𝜃PIP𝑓/𝑒 Little = (3/2) 𝜃DIP𝑓/𝑒 Little
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Thumb
No constraint
𝜃TMC𝑓/𝑒 = (11/10) 𝜃MCP𝑓/𝑒
𝜃MCP𝑓/𝑒 = (6/5) 𝜃IP𝑓/𝑒
No constraint

Index
𝜃CMC𝑓/𝑒 Index = 𝜃CMC𝑓/𝑒 Middle
No constraint
𝜃MCP𝑓/𝑒 Index = (3/2) 𝜃PIP𝑓/𝑒 Index
𝜃PIP𝑓/𝑒 Index = 2𝜃DIP𝑓/𝑒 Index

Middle
𝜃CMC𝑓/𝑒 Middle = (1/2) 𝜃CMC𝑓/𝑒 Ring
𝜃MCP𝑎𝑏/𝑎𝑑 Middle = (1/5) 𝜃MCP𝑎𝑏/𝑎𝑑 Index
𝜃MCP𝑓/𝑒 Middle = (3/2) 𝜃PIP𝑓/𝑒 Middle
𝜃PIP𝑓/𝑒 Middle = 2𝜃DIP𝑓/𝑒 Middle

Ring
𝜃CMC𝑓/𝑒 Ring = (2/3) 𝜃CMC𝑓/𝑒 Little
𝜃MCP𝑎𝑏/𝑎𝑑 Ring = (1/2) 𝜃MCP𝑎𝑏/𝑎𝑑 Little
𝜃MCP𝑓/𝑒 Ring = (3/2) 𝜃PIP𝑓/𝑒 Ring
𝜃PIP𝑓/𝑒 Ring = 2𝜃DIP𝑓/𝑒 Ring

Table 5: Intrafinger constraints for a prismatic grasp.
Little
No constraint
No constraint
𝜃MCP𝑓/𝑒 Little = (3/2) 𝜃PIP𝑓/𝑒 Little
𝜃PIP𝑓/𝑒 Little = 2𝜃DIP𝑓/𝑒 Little
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There is also a coupled movement in abduction/adduction, which is generated among ring and little fingers. In most
cases, the movement is similar to
𝜃MCP𝑎𝑏/𝑎𝑑 Ring ≈ 𝜃MCP𝑎𝑏/𝑎𝑑 Little .

(5)

Additionally, some joints can be tied by more intricate
relations, divided into two types. The first type occurs when
there is a unique motion, like the flexion in the MCP joint of
the little finger. Equation (6) represents this type of relation
between the fingers
𝜃MCP𝑓/𝑒 Ring ≈

7
,
𝜃
12 MCP𝑓/𝑒 Little

2
𝜃MCP𝑓/𝑒 Middle ≈ 𝜃MCP𝑓/𝑒 Ring ,
3

(6)
∘

𝜃MCP𝑓/𝑒 Ring − 𝜃MCP𝑓/𝑒 Middle < 60 ,
𝜃MCP𝑓/𝑒 Little − 𝜃MCP𝑓/𝑒 Ring < 50∘ .
These equations indicate that when there is flexion, the
ring and middle fingers will also flex in a certain range with
respect to the little finger. For instance, when the little finger
is flexed, the middle finger will flex 2/3 times the ring finger.
The second relationship is when there is a simple MCP
flexion as in the case of the index finger, thereby causing some
additional natural movement. Equation (7) represents this
type of relation between the index and the middle fingers
1
(7)
𝜃MCP𝑓/𝑒 Middle ≈ 𝜃MCP𝑓/𝑒 Index .
5
This relation is only present when there is a single flexion
on the index finger MCP joint, so when it occurs, the middle
finger MCP joint will flex naturally and passively with this
proportionality.
These constraints are important because they express the
natural relation between single joints. Thus devices designed
to mimic the human hand must comply as precisely as possible with these constraints.
3.3. Static Constraints. The normal range of motion (ROM)
of human hand joints corresponds to static constraints on
joint angles in the model. These constraints are limits on
the values that the 𝜃 parameters can assume. Main static
constraints (Table 6) were collected by Cobos et al. [13]. By
applying these constraints to the inverse kinematics presented
later in Section 4.2, some DoFs can be neglected, and therefore the complexity of the system can be reduced.

4. Kinematic Model
The kinematic model proposed here is composed of 19 links
corresponding to the human bones and 24 DoFs modeled by
rotational joints. Two different kinematic configurations are
considered for the fingers, one for the thumb modeled as 3
links and 4 joints and another for the other fingers (index,
middle, ring, and little fingers). Each of them is modeled
using 4 links and 5 joints, as in Figure 2. Note that the CMC

Table 6: Statics constraints [13].
Finger
Thumb
TMC
MCP
IP
Index
CMC
MCP
PIP
DIP
Middle
CMC
MCP
PIP
DIP
Ring
CMC
MCP
PIP
DIP
Little
CMC
MCP
PIP
DIP

Flexion

Extension

Abd./add.

50∘ –90∘
75∘ –80∘
75∘ –80∘

15∘
0∘
∘
5 –10∘

45∘ –60∘
5∘
5∘

5∘
90∘
110∘
80∘ –90∘

0∘
30 –40∘
0∘
5∘

0∘
60∘
0∘
0∘

5∘
90∘
110∘
80∘ –90∘

0∘
30∘ –40∘
0∘
5∘

0∘
45∘
0∘
0∘

10∘
90∘
120∘
80∘ –90∘

0∘
30 –40∘
0∘
5∘

0∘
45∘
0∘
0∘

15∘
90∘
135∘
90∘

0∘
30 –40∘
0∘
5∘

0∘
50∘
0∘
0∘

∘

∘

∘

joint represents the deformation of the palm, for instance,
when the hand is grasping a ball, while the MCP abduction/adduction joint is defined before MCP flexion/extension.
4.1. Direct Kinematics. Direct kinematic equations are used
to obtain the fingertip position and orientation according
to the joint angles. The model equations are calculated by
means of modified Denavit-Hartenberg (MDH) parameters,
introduced by Craig [16]. The difference from the DenavitHartenberg convention is the fact that, on MDH, the 𝑧-axis
of the reference frame {𝑗}, called 𝑧𝑗 , is coincident with the axis
of joint 𝑗. In comparison to MD the 𝑧-axis of the frame {𝑗} is
coincident with the axis of joint 𝑗 + 1. The advantage of using
MDH is that there is no need for further transformation of
the references in order to work with the dynamics of the rigid
bodies.
4.1.1. Direct Kinematics of the Index, Middle, Ring, and Little
Fingers. Each of the fingers contains four bones: metacarpal,
proximal, middle, and distal (Figure 1). These bones correspond approximately to the links of the serial kinematic chain
(Figure 2). Each articulation presented above for these four
fingers corresponds to the joints: CMC, MCP, PIP, and DIP.
The MCP joint can be split into 2 DoFs, which carry out
the adduction/abduction and flexion/extension movements,
respectively. All the other joints only allow flexion/extension
movements. Having defined a numbering of the fingers, from
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Wrist Reference R0
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Figure 2: Kinematic configuration of the human hand. The thumb is defined by 3 links and 4 degrees of freedom whereas index, middle,
ring, and little fingers are defined by 4 links and 5 DoFs.

0 to 4 where finger 0 is the thumb and finger 4 is the little
finger, Table 7 shows the MDH parameters for fingers 1 to 4.
Equation (8) shows the direct kinematics from index (𝑖 =
1) to the little finger (𝑖 = 4)
5

𝑄𝑖 = 00 𝑇𝑖 ⋅ 06 𝑇𝑖 (𝜃𝑗 ) = 00 𝑇𝑖 ⋅∏
𝑗=1

(𝑗−1)
𝑗

𝑇𝑖 (𝜃𝑗 ) ⋅ 56 𝑇𝑡𝑖 ,

𝑄𝑖 = 00 𝑇𝑖 ⋅ 01 𝑇𝑖 (𝜃CMC𝑓/𝑒 ) ⋅ 12 𝑇𝑖 (𝜃MCP𝑎𝑏/𝑎𝑑 ) ⋅ 23 𝑇𝑖 (𝜃MCP𝑓/𝑒 )

Table 7: Modified D–H parameters for fingers 1 to 4.
Finger 𝑖 (𝑖 = 1, . . . , 4)
𝑎𝑗−1
𝑑𝑗
0
0

𝜃𝑗
𝜃CMC𝑓/𝑒

Joint
𝑗=1

𝛼𝑗−1
𝜋/2

𝑗=2

−𝜋/2

𝐿 0𝑖

0

𝑗=3

𝜋/2

0

0

𝑗=4

0

𝐿 1𝑖

0

𝜃PIP𝑓/𝑒

𝑗=5

0

𝐿 2𝑖

0

𝜃DIP𝑓/𝑒

𝜃MCP𝑎𝑏/𝑎𝑑
𝜃MCP𝑓/𝑒

⋅ 34 𝑇𝑖 (𝜃PIP𝑓/𝑒 ) ⋅ 45 𝑇𝑖 (𝜃DIP𝑓/𝑒 ) ⋅ 56 𝑇𝑡𝑖 ,
(8)
where

𝑇

(i) 𝑄𝑖 represents a matrix containing the position and
orientation of the fingertip of each finger;
(ii) 00 𝑇𝑖 represents a rototranslation matrix taking into
account the fact that the fingers are slightly fanned out
and making it possible to pass from the initial base
reference frame (𝑅0 ) to the alignment of the 𝑖th finger
first reference frame (𝑅0𝑖 );

(iii) 06 𝑇𝑖 (𝜃𝑗 ) is a matrix containing the geometrical transformation between the 𝑖th finger first reference frame
and the 𝑖th fingertip (ft𝑖 ). The matrix is composed of
the concatenation of the transformation matrices of
each finger link;
(iv)

(𝑗−1)
𝑗 𝑇𝑖 (𝜃𝑗 )

is a matrix containing the geometrical
transformation between the (𝑗 − 1)th reference frame
and the 𝑗th reference frame of the 𝑖th finger;

(v) 56 𝑇𝑡𝑖 represents the position 𝑝𝑡𝑖 = [𝑙𝑡𝑖𝑥 𝑙𝑡𝑖𝑦 𝑙𝑡𝑖𝑧 ] of
the fingertip with respect to the distal (5th) reference
frame.
𝑖 corresponds to index(1), middle(2), ring(3), and little(4) fingers. 𝑗 corresponds to each finger’s joint CMC𝑓/𝑒 , MCP𝑎𝑏/𝑎𝑑 ,
MCP𝑓/𝑒 , PIP𝑓/𝑒 , and DIP𝑓/𝑒 . 𝑡𝑖 stands for the tip of the 𝑖th
finger.
The coefficients 𝑄𝑖𝑠𝑡 , which are the elements of the 𝑠th row
and 𝑡th column of the matrix expressed in (8), relative to the
𝑖th finger, are given in Appendix A.
4.1.2. Direct Kinematics of the Thumb. The thumb presents
three bones (Figure 1): metacarpal, proximal, and distal.
These bones correspond approximately to the length of each
link. The respective joints are TMC, MCP, and IP. The
TMC joint presents 2 DoFs, allowing adduction/abduction
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Table 8: Modified D–H parameters of the thumb.

Joint
𝑗=1

𝛼𝑗−1
0

𝑎𝑗−1
0

𝑑𝑗
0

𝜃𝑗

𝑗=2

𝜋/2

0

0

𝜃TMC𝑓/𝑒

𝑗=3

0

𝐿 00

0

𝜃MCP𝑓/𝑒

𝑗=4

0

𝐿 10

0

𝜃IP𝑓/𝑒

𝜃TMC𝑎𝑏/𝑎𝑑

and flexion/extension. Table 8 shows the MDH parameters.
Equation (9), with the same notation scheme as (8), shows
the direct kinematics for the thumb
0

𝑄0 = 00 𝑇0 ⋅ 5 𝑇0 (𝜃𝑘 ),
𝑄0 = 00 𝑇0 ⋅ 01 𝑇0 (𝜃TMC𝑎𝑏/𝑎𝑑 ) ⋅ 12 𝑇0 (𝜃TMC𝑓/𝑒 )

(9)

⋅ 23 𝑇0 (𝜃MCP𝑓/𝑒 ) ⋅ 34 𝑇0 (𝜃IP𝑓/𝑒 ) ⋅ 45 𝑇𝑡0 ,
where 𝑘 corresponds to the thumb joint TMC𝑎𝑏/𝑎𝑑 , TMC𝑓/𝑒 ,
MCP𝑓/𝑒 , and IP𝑓/𝑒 . The position of the fingertip is 𝑝𝑡0 =

Figure 3: Inverse kinematics for the index finger and thumb.

𝑇

[𝑙𝑡0𝑥 𝑙𝑡0𝑦 𝑙𝑡0𝑧 ] . The coefficients 𝑄0𝑠𝑡 of the matrix expressed
in (9) are given in Appendix A.
4.2. Inverse Kinematics. Inverse kinematics is used to obtain
the joint angle values according to the fingertip position and
orientation. The inverse kinematics will be solved separately
for the thumb and for the other fingers. The model of the
human hand is a redundant case; therefore several solutions
to the inverse kinematic problem exist. In order to find a
unique solution, it is necessary to take into account the
constraints presented in Section 3.
4.2.1. Inverse Kinematics of a Finger (Index (𝑖 = 1) to Little
Finger (𝑖 = 4)). The angles 𝜃𝑖 CMC𝑓/𝑒 , 𝜃𝑖 MCP𝑎𝑏/𝑎𝑑 , 𝜃𝑖 MCP𝑓/𝑒 , and
𝜃𝑖 PIP𝑓/𝑒 , 𝜃𝑖 DIP𝑓/𝑒 are obtained from (8), where the matrix 𝑄𝑖 ,
that is, the left member of the equation, is known. Hence,
algebraically we solve the inverse kinematics for the CMC𝑓/𝑒 ,
MCP𝑎𝑏/𝑎𝑑 , and DIP𝑓/𝑒 joints. The procedure here shown
solves the kinematics of the index finger (𝑖 = 1); however,
it is valid for every other finger except the thumb (𝑖 = 2, 3, 4).
For sake of brevity in the following, the 𝑖 index is omitted.
The duplication of solutions, when solving an arctangent,
for example, is eliminated thanks to the constraints of
Section 3.3, because the ranges of all physiological angles are
smaller than 180∘ and most of them are smaller than 90∘ . This
fact is implicitly taken into account in the following.
𝜃CMC𝑓/𝑒

𝑄
= atan ( 33 ) ,
𝑄13

𝑄13
],
𝜃MCP𝑎𝑏/𝑎𝑑 = atan [
−𝑄
cos
(𝜃
)
CMC𝑓/𝑒 ]
[ 23
𝜃DIP𝑓/𝑒

𝜖
= atan ( 1 ) ,
𝜖2

where 𝜖1 and 𝜖2 are expressed as
𝜖1 =
𝜖2 =

(−1) ⋅ (𝑚𝑄22 + 𝑛𝑄21 )
,
(𝑚2 − 𝑛2 )

Q21 𝑛 (−1) ⋅ (𝑚𝑄22 + 𝑛𝑄21 )
,
+ ⋅
𝑚
𝑚
(𝑚2 − 𝑛2 )

𝑚 = sin (𝜃MCP𝑎𝑏/𝑎𝑑 ) cos (𝜃MCP𝑓/𝑒 ) cos (𝜃PIP𝑓/𝑒 )

(11)

− sin (𝜃MCP𝑎𝑏/𝑎𝑑 ) sin (𝜃MCP𝑓/𝑒 ) sin (𝜃PIP𝑓/𝑒 ) ,
𝑛 = sin (𝜃MCP𝑎𝑏/𝑎𝑑 ) cos (𝜃MCP𝑓/𝑒 ) sin (𝜃PIP𝑓/𝑒 )
− sin (𝜃MCP𝑎𝑏/𝑎𝑑 ) sin (𝜃MCP𝑓/𝑒 ) cos (𝜃PIP𝑓/𝑒 ) .
The MCP𝑓/𝑒 , PIP𝑓/𝑒 joints are solved through a geometric
method; see Figure 3.
which contains the position
Starting from the vector 𝐹1⃗
of the fingertip, it is possible to obtain 𝐻1⃗
with the following
expression:
𝐻1⃗
= 𝐹1⃗
− [𝐿 31 ∗ ̂𝑖] .

(12)

is expressed as
Then, the vector 𝑃1⃗
𝑇

𝑃1⃗
= [𝑃1𝑥 𝑃1𝑦 𝑃1𝑧 ] ,

(13)

where
(10)

𝑃1𝑥 = 𝐿 01 cos (𝜃CMC ) ,
𝑃1𝑦 = 𝐿 01 sin (𝜃CMC ) ,
𝑃1𝑧 = 0.

(14)

Journal of Robotics

9

Knowing 𝐻1⃗
and 𝑃1⃗
from (12) and (13), the vector 𝑢1⃗
is
expressed as
(15)
= 𝐻1⃗
− 𝑃1⃗
.
𝑢1⃗
Angles 𝜑1 and 𝜑2 are expressed as
𝜑1 = acos (
𝜑2 = acos (

𝐿201

+
−
2𝑟2 𝑙01

𝑟12

𝑟22

𝐿211

𝐿221

),
(16)
)

with variables 𝑟1 and 𝑟2 equal to
 
 ,
𝑟1 = 𝐻1⃗

 
𝑟2 = 𝑢1⃗
 .

(17)

𝜃MCP𝑓/𝑒 = 𝜋 − 𝜑1 − 𝜑2 .

(18)

And 𝜃PIP𝑓/𝑒 is obtained as
𝜃PIP𝑓/𝑒 = 𝜋 − 𝜑3 ,
𝜑3 = acos (

(19)

𝐿221 + 𝐿211 − 𝑟22
).
2𝐿 21 𝐿 11

(20)

4.2.2. Inverse Kinematics of the Thumb. A similar procedure
can be applied to the thumb, in which 𝑄0 , that is, the left side
of (9), is known; then the joint angle 𝜃TMC𝑎𝑏/𝑎𝑑 is obtained algebraically as follows:
𝑄
𝜃TMC𝑎𝑏/𝑎𝑑 = atan ( 13 ) ,
(21)
−𝑄23
where the 𝑄𝑠𝑡 term in (21) is the element of the 𝑠th row and 𝑡th
column of the 𝑄0 matrix. Then, using the geometrical method
(Figure 3), the joint angles 𝜃MCP𝑓/𝑒 and 𝜃IP𝑓/𝑒 can be obtained:
𝜃MCP𝑓/𝑒 = 𝜋 − 𝛾1 ,

(22)

𝜃IP𝑓/𝑒 = 𝜋 − 𝛾2 − 𝛾3 ,
where
𝛾1 = acos (

𝐿210

𝛾2 = acos (

𝐿200

+
−
2𝐿 10 𝐿 00

𝑟32

𝐿220 + 𝑠32 − 𝑟42
),
2𝐿 20 𝑟3

𝑟32 + 𝐿210 − 𝐿200
),
2𝑟𝑠 𝐿 10
 
 ,
𝑟3 = 𝐻0⃗


 ⃗
𝑟4 = 𝐹0  ,
𝐻0⃗
= 𝐹0⃗
− [𝐿 20 ∗ ̂𝑖] .

(23)

𝜖4
),
𝜖3

This section provides the dynamics equation system of a
generic single finger, neglecting the MCP abduction/adduction motion. The 𝑖th index is again omitted. Based on the
convention of Figure 4, the dynamic model is determined
using Euler-Lagrange equations. It is important to highlight
the fact that on the model the metacarpus is fixed, while
only the finger phalanges are moving parts. Thus, 𝑅2 is the
base reference system, and all the equations are written with
respect to 𝑅2 .
The following equations are applicable to any 3R planar
robot, after making the necessary adaptations to the variables.
The equations require the estimation of the kinetic energy
and potential energy, as shown in the following.
In order to simplify the expressed vectors and further
developments, the following notation is used:
𝜃3 = 𝜃MCP𝑓/𝑒 ,
𝜃4 = 𝜃PIP𝑓/𝑒 ,

(24)

(26)

𝜃5 = 𝜃DIP𝑓/𝑒 .
The kinetic energy is calculated starting from the position
vectors of the center of mass of each phalanx with respect to
the base reference frame 𝑅2 ; in general, the position of the
center of mass of the 𝑗th phalanx with respect to the 𝑗 reference frame is
𝑔 = 1, 2, 3.

(27)

The mass of the 𝑗th phalanx is equal to 𝑚𝑔 , and the respective moment of inertia with respect to the axis 𝑧 is equal to 𝐼𝑔 .
Thus, each position vector with respect to the base reference frame 𝑅2 is presented below, where 𝑐𝜃𝑗 and 𝑠𝜃𝑗 stand for
cosine and sine of 𝜃𝑗 , respectively. Consider
𝑏1𝑥 𝑐𝜃3 − 𝑏1𝑦 𝑠𝜃3
[
𝑏1𝑥 𝑠𝜃3 + 𝑏1𝑦 𝑐𝜃3 ] ,
𝐺⃗
=
1
0
[
]

The joint 𝜃TMC𝑓/𝑒 is obtained algebraically as follows:
𝜃TMC𝑓/𝑒 = atan (

(25)

𝜇 = 𝜃MCP + 𝜃IP .

𝑏𝑔𝑥
[
⃗
𝐺𝑔 = 𝑏𝑔𝑦 ] ;
[0]

),

𝛾3 = acos (

𝐴 31 − (𝑄31 + 𝑄32 ) cos 𝜇 ⋅ sin 𝜇
,
cos 𝜇

5. Dynamics of a Single Finger

So 𝜃MCP𝑓/𝑒 is obtained as

where

𝜖3 = (𝑄32 + 𝑄31 ) cos 𝜇,
𝜖4 =

𝑟22

+
−
2𝑟2 𝐿 11

where

𝑏2𝑥 𝑐 (𝜃3 + 𝜃4 ) − 𝑏2𝑦 𝑠 (𝜃3 + 𝜃4 )
𝐿 1 𝑐𝜃3
]
[
]
[
] [
𝐺⃗
2 = 𝐿 1 𝑠𝜃3 + [𝑏2𝑥 𝑠 (𝜃3 + 𝜃4 ) + 𝑏2𝑦 𝑐 (𝜃3 + 𝜃4 )] ,
0
[
]
0
]
[
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Figure 4: Dynamic model of index(1).

𝐿 2 𝑐 (𝜃3 + 𝜃4 )
𝐿 1 𝑐𝜃3
]
[
[
]
⃗
𝐺3 = 𝐿 1 𝑠𝜃3 + [𝐿 2 𝑠 (𝜃3 + 𝜃4 )]
[ 0 ] [
0
]

The kinetic energy is expressed as
𝑇=

𝑏3𝑥 𝑐 (𝜃3 + 𝜃4 + 𝜃5 ) − 𝑏3𝑦 𝑠 (𝜃3 + 𝜃4 + 𝜃5 )
]
[
]
+ [
[𝑏3𝑥 𝑠 (𝜃3 + 𝜃4 + 𝜃5 ) + 𝑏3𝑦 𝑐 (𝜃3 + 𝜃4 + 𝜃5 )] .
0
]
[
(28)
The velocities can be obtained by differentiating the
position vectors with respect to time, taking into account the
following notation of (29) and representing time derivatives
through dot notation:
𝜃3 + 𝜃4 = 𝜃34 ,
̇
𝜃3̇
+ 𝜃4̇
= 𝜃34
,
𝜃3 + 𝜃4 + 𝜃5 = 𝜃345 ,

(29)

The velocities of each center of mass are obtained:

V𝐺2

V𝐺3

2
2
2
1
1
1
̇
̇
+ 𝐼1 (𝜃3̇
) + 𝐼2 (𝜃34
) + 𝐼3 (𝜃345
).
2
2
2

(31)

There are two forms of potential energy considered in
this study: the gravitational potential energy and the elastic
potential energy. Regarding the elastic potential energy, the
value of the stiffness is considered as an average value (constant value 𝑘𝑔 ) in this study, as a close approximation of the
nonlinear and anisotropic finger stiffness (i.e., it varies with
the direction). 𝑘1 , 𝑘2 , and 𝑘3 are the stiffness values for the
MCP, DIP, and PIP joints, respectively [17].
The potential energy for the finger is expressed as
𝑈 = 𝑚1 𝑔 (𝑏1𝑥 𝑠𝜃3 + 𝑏1𝑦 𝑐𝜃3 )

̇
𝜃3̇
+ 𝜃4̇
+ 𝜃5̇
= 𝜃345
.

V𝐺1

2
2
2
1
1
1
𝑚 (V ) + 𝑚2 (V𝐺2 ) + 𝑚3 (V𝐺3 )
2 1 𝐺1
2
2

−𝑏 𝜃3̇
𝑠𝜃3 − 𝑏1𝑦 𝜃3̇
𝑐𝜃3
[ 1𝑥 ̇
]
= [ 𝑏1𝑥 𝜃3 𝑐𝜃3 − 𝑏1𝑦 𝜃3̇
𝑠𝜃3 ] ,
0
[
]

̇
̇
−𝐿 𝜃̇
𝑠𝜃 −𝑏 𝜃34
𝑠𝜃34 − 𝑏2𝑦 𝜃34
𝑐𝜃34
[ 1 3 3 2𝑥 ̇
]
̇
= [ 𝐿 1 𝜃3̇
𝑐𝜃3 + 𝑏2𝑥 𝜃34 𝑐𝜃34 − 𝑏2𝑦 𝜃34 𝑠𝜃34 ] ,
0
[
]

̇
̇
̇
−𝐿 𝜃3̇
𝑠𝜃3 −𝐿2 𝜃34
𝑠𝜃34 −𝑏3𝑥 𝜃345
𝑠𝜃345 − 𝑏3𝑦 𝜃345
𝑐𝜃345
[ 1̇
]
̇
̇
̇
= [𝐿 1 𝜃3 𝑐𝜃3 + 𝐿 2 𝜃34
𝑐𝜃34 + 𝑏3𝑥 𝜃345
𝑐𝜃345 − 𝑏3𝑦 𝜃345
𝑠𝜃345 ] .
0
[
]
(30)

+ 𝑚2 𝑔 (𝐿 1 𝑠𝜃3 + 𝑏2𝑥 𝑠𝜃34 + 𝑏2𝑦 𝑐𝜃34 )
+ 𝑚3 𝑔 (𝐿 1 𝑠𝜃3 + 𝐿 2 𝑠𝜃34 + 𝑏3𝑥 𝑠𝜃345 + 𝑏3𝑦 𝑐𝜃345 )

(32)

1
1
1
2
2
2
+ 𝑘1 (𝜃3 ) + 𝑘2 (𝜃34 − 𝜃3 ) + 𝑘3 (𝜃345 − 𝜃34 ) .
2
2
2
Moreover, introducing a function of the generalized velocities, usually referred to as the Rayleigh dissipation function 𝐹, for the damping forces, this function is expressed as
2
2
2
1
1
1
̇
̇− 𝜃̇
) + 𝑐2 (𝜃34
− 𝜃3̇
) + 𝑐3 (𝜃345
𝐹 = 𝑐1 (𝜃3̇
34 ) ,
2
2
2

(33)

where the damping constant (𝑐𝑔 ) stands for the nonconservative contribution caused by the muscles, actuating the finger.
Nonconservative forces contributed less than 15% to the total
force response to static displacement. Muscle viscosity is
dissipative and, hence, non-conservative, resulting in a force
field with nonzero curl [17]. To be more precise, values 𝑐1 ,
𝑐2 , and 𝑐3 are the damping values for the MCP, DIP, and PIP
joints, respectively.
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The Euler-Lagrange equations thus become, considering
the three generalized coordinates 𝜃3 , 𝜃34 , and 𝜃345 ,
𝑑 𝜕 (𝑇 − 𝑈)
𝜕 (𝑇 − 𝑈) 𝜕𝐹
)−
+
= 𝜏3 ,
(
̇
𝑑𝑡
𝜕𝜃3
𝜕𝜃3
𝜕𝜃3̇
𝑑 𝜕 (𝑇 − 𝑈)
𝜕 (𝑇 − 𝑈)
𝜕𝐹
)−
+
=𝜏,
(
̇
̇ 4
𝑑𝑡
𝜕𝜃34
𝜕𝜃34
𝜕𝜃34

(34)

𝑑 𝜕 (𝑇 − 𝑈)
𝜕 (𝑇 − 𝑈)
𝜕𝐹
)−
+
=𝜏
(
̇
̇ 5
𝑑𝑡
𝜕𝜃
𝜕𝜃345
𝜕𝜃345
345
in which the 𝜏𝑗 (𝑗 = 3, 4, 5) terms contain the forces applied
through the muscles in order to actuate the phalanges and the
contact forces, shown in Figure 5.
According to the virtual work principle, the equation to
calculate the generalized force can be expressed as
𝜏𝑗 =

(∑5𝑗=3 𝛿𝑊𝑗 )
𝛿𝜃𝑗

;

𝑗 = 3, 4, 5,

(35)

where 𝛿𝑊𝑗 is the virtual work done by the force applied to the
system. In the current case, it is
−𝐿 1 𝑠𝜃3
𝜏3 = (𝐹3𝑦 𝑒3𝑥 − 𝐹3𝑥 𝑒3𝑦 ) + [ 𝐿 1 𝑐𝜃3 ]
[ 0 ]
𝐹4𝑥 c𝜃34 − 𝐹4𝑦 s𝜃34
−𝐿1 𝑠𝜃3
[
⋅ 𝐹4𝑥 s𝜃34 + 𝐹4𝑦 c𝜃34 ] + [ 𝐿 1 𝑐𝜃3 ]
0
[
] [ 0 ]
𝐹5𝑥 c𝜃345 − 𝐹5𝑦 s𝜃345
⋅ [𝐹5𝑥 s𝜃345 + 𝐹5𝑦 c𝜃345 ] + 𝐶𝑚1 − 𝐶𝑚2 ,
0
[
]

(36)

𝐹5𝑥 c𝜃345 − 𝐹5𝑦 s𝜃345
⋅ [𝐹5𝑥 s𝜃345 + 𝐹5𝑦 c𝜃345 ] + 𝐶𝑚2 − 𝐶𝑚3 ,
0
[
]
𝜏5 = (𝐹5𝑦 𝑒5𝑥 − 𝐹5𝑥 𝑒5𝑦 ) + 𝐶𝑚3 ,
where the term 𝐶𝑚𝑔 refers to the torque produced by the
𝑇

muscles on the 𝑗th joint, and 𝐹𝑗 = [𝐹𝑗𝑥 𝐹𝑗𝑦 0] is the contact
force applied to the 𝑗th phalanx at the point defined by the
𝑇
position vector 𝑒𝑗 = [𝑒𝑗𝑥 𝑒𝑖𝑦 0] .
Calculating each element of the Euler-Lagrange equations, the dynamical system (33) becomes
̈
̈= 𝐴 ,
+ 𝐴 2 𝜃34
+ 𝐴 3 𝜃345
𝐴 1 𝜃3̈
4

̈
̈= 𝐶 .
𝐶1 𝜃3̈
+ 𝐶2 𝜃34
+ 𝐶3 𝜃345
4

The terms 𝐴 1 , 𝐴 2 , and 𝐴 3 contain the coefficients of the
accelerations and 𝐴 4 the remaining terms; the same goes for
the other Euler-Lagrange equations.
Equation (37) allows the direct dynamics of the finger to
be solved, where, given the torques exerted by the muscles on
each phalange, the movement of the finger can be calculated.
If, on the other side, an inverse dynamics problem is set, it
is simple to rearrange the equation system (33) to obtain the
trend of the unknown muscle torques from the phalanges
motion laws.
An expansion of the coefficients of equation (37) can be
found in Appendix B, equation (B.1).

6. No-Load Joint Velocities

−𝐿2 𝑠𝜃34
𝜏4 = (𝐹4𝑦 𝑒4𝑥 − 𝐹4𝑥 𝑒4𝑦 ) + [ 𝐿 2 𝑐𝜃34 ]
[ 0 ]

̈
̈= 𝐵 ,
+ 𝐵2 𝜃34
+ 𝐵3 𝜃345
𝐵1 𝜃3̈
4

Figure 5: Contact forces.

(37)

A test campaign was carried out, in order to evaluate the
maximum angular velocities of the finger joints. Ten male
and ten female subjects were asked to perform the following
operation as fast as possible during 10 seconds (i.e., before
any fatigue phenomenon arises to deteriorate the subject
performance): starting from the completely extended hand,
they have to flex the fingers to a fist and then to extend
them again. The maximum flexion angles for the index finger,
corresponding to the fist configuration on each cycle, have
been statically measured on the subjects as 85 deg for the
MCP joint, 105 deg for the PIP joint, and 70 deg for the DIP
one. In the following, those angles will be considered negative
in accordance with the notations of Section 4.1. Ten male and
ten female subjects were involved in the investigation: the
statistical output of the test is reported in Table 9.
There are no significant differences between the male
and the female subjects. The results obtained by our test
campaign show velocities in accordance with previous tests,
for instance, in [18].
The trend of the phalange angles was supposed to follow a
sinusoidal law, in the form 𝜃𝑗 = (𝐷𝑗 /2)(cos(𝜋𝑡/𝑡1 )−1), where
𝑗 = 3, 4, 5. The term 𝐷𝑗 is the range of the movement on
the 𝑗th joint, while 𝑡1 = 10s/numcycles is the period of each
cycle. The time differentiation of this law permits obtaining
the trend of the velocities, as well as the maximum angular
velocity of each joint, equal to 𝜃𝑗̇
max = | − 𝜋𝐷𝑗 /2𝑡1 |.
Here, such experimental motion law has been implemented in the dynamic modeling of the finger. The simulation
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Table 9: Joint velocity tests.

FP AB AF MP AL NC MS AL DM RC Mean st.dev. Average freq. Omega max.
(Hz)
MCP (rad/s)
Cycles in 10 s 27 27 31 25 20 29 23 27 21 31 26.1 3.843
2.61
12.164
Females
SA TT NG FC EA GM VC SP MQ DH Mean st.dev. Average freq. Omega max.
(Hz)
MCP (rad/s)
Cycles in 10 s 27 24 17 34 29 27 30 24 21 27
26 4.784
2.6
12.118
Males

𝑇

[4630 2280 775] . The current test, without external load,
correctly produces a set of torques that are quite lower than
these limits. Moreover, the results shown in [19] state that the
average total torque for a complete flexion-extension movement of the MCP joint is 100.8 Nmm for the female subjects
and 194.9 Nmm for the male ones: these values are quite near
to the ones produced here, where the joint velocity is higher.
The same paper states that the contribute of the viscoelastic
terms is preponderant with respect to the dynamical one: the
same is true for the current analysis, where the coefficients
𝑓𝑘𝑗 = |𝐶𝑘𝑗 |/|𝐶𝑚𝑗 |, 𝑓𝑐𝑗 = |𝐶𝑐𝑗 |/|𝐶𝑚𝑗 | and 𝑓𝑑𝑗 = |𝐶𝑑𝑗 |/|𝐶𝑚𝑗 |,
that are, respectively, the torque portion due to the stiffness
term, the damping term, and the dynamic term for the 𝑗th
phalange, are reported in Table 10. However, if [19] shows that
the stiffness term is about the double of the damping one, in
the current analysis the situation is reversed: it is presumably
due to the higher velocity investigated here.
In conclusion, the results of the current simulation are in
good accordance with the literature data. More precise results
could be obtained as a consequence of a more accurate estimation of the dynamical parameters inserted into the model,
in particular the stiffness and the damping coefficients. For
example, due to lack of data, in the current simulation these
parameters have been set as equal for the MCP, PIP, and
DIP joints: in reality, the PIP and DIP joints have different

Omega max.
DIP (rad/s)

15.026
Omega max.
PIP (rad/s)

10.018
Omega max.
DIP (rad/s)

14.969

9.979

300
250
200
C (N mm)

deals with an inverse dynamics case study: given the motion
law of the system (i.e., the kinematic angles of the phalanges
and their time derivatives), the torques exerted by the muscles
on each phalanx are calculated. In order to evaluate correctly
such torques in absence of load, it is necessary to insert also
the viscoelastic term that can be preponderant with respect
to the dynamical term [19]. The values of the stiffness and
the damping coefficients for the MCP joint are obtained
through an extrapolation of the values of MCP stiffness and
damping, reported in a series of tests in [20], for the noload case, where the applied external force is null. Then,
given the fact that the tests in [20] compute translational
stiffness and damping coefficients, they are transformed into
rotational ones, to be coherent with the dynamic modeling.
The resulting coefficients are shown in Table 11, reported in
the appendix, together with the anthropometric data and
numerical constants imposed in the model to simulate the
behavior of a human index finger.
The trends of the muscle torques 𝐶𝑚1 , 𝐶𝑚2 , and 𝐶𝑚3 are
reported in Figure 6. First of all, these values can be compared
with the maximum torque capability of each phalange:
Hasser [18] reports these maximum values as 𝐶𝑚max =

Omega max.
PIP (rad/s)

150
100
50
0
−50
−100

0

20
Cm1
Cm2
Cm3

40

60

80

100

Cycle (%)

Figure 6: Trend of the muscle torques.
Table 10: Percentages of stiffness, damping, and inertial torques
with respect to the total torque.
𝑓𝑘𝑗
𝑓𝑐𝑗
𝑓𝑑𝑗

MCP
38.05%
57.58%
4.37%

PIP
38.48%
60.59%
0.93%

DIP
38.58%
61%
0.42%

characteristics, which should not be neglected for a deeper
investigation.
Finally, given the previously described test and the related
muscle torque, shown in Figure 6, then the mean power
associated with the opening and closing of the index finger at
maximum velocity in the absence of load can be calculated: it
is equal to 1.3 W. The maximum power for the MCP joint in
the absence of load is 1.24 W, the maximum power for the PIP
joint is 1.94 W, and for the DIP joint it is 0.86 W. This value
constitutes a correction of the maximum power estimation
for the finger joints, reported by Hasser [18], which states
that the absence of external load corresponds to zero muscle
torque.

7. Conclusions
An exhaustive study of the human hand was performed, dealing with the kinematics of the human hand and showing the
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Table 11: Anthropometric data and numerical constants used for simulation.

𝑚1 = 7.05 g
𝐼1 = 1000 gmm2
𝑘1 = 0.0902 Nm
𝑐1 = 0.0225 Nms

𝑚2 = 3.97 g
𝐼2 = 240 gmm2
𝑘2 = 0.0902 Nm
𝑐2 = 0.0225 Nms

𝑚3 = 2.70 g
𝐼3 = 120 gmm2
𝑘3 = 0.0902 Nm
𝑐3 = 0.0225 Nms

𝐿 1 = [50 0 0] mm

𝐿 2 = [20 0 0] mm

𝐿 3 = [25 0 0] mm

𝑏1 = [25 0 0] mm

𝑏2 = [10 0 0] mm

𝑏3 = [12.5 0 0] mm

𝑒2 = [10 −7 0] mm

𝑒3 = [12 −6 0] mm

𝑇

𝑇

𝑇

𝑒1 = [25 −8 0] mm

𝑇

𝑇

matrices with the MDH parameters and detailed equations
for both the direct and inverse kinematics of the hand. In
addition, the dynamics of a single finger was analyzed and
finally written using the same reference systems as per the
kinematics. A case study was proposed, and a simulation
was completed using the provided anthropometric data, in
order to investigate the capabilities of the proposed analytical
system.
The results of the current study can be exploited to conceive future hand devices. On one side, direct and inverse
kinematics constitute preliminary stages for the development
of any structure similar to the human hand, for instance,
in robotic or rehabilitation hands projects. On the other
side, dynamics equations allow the behavior of fingers to be
simulated. Hence, the value of these equations is twofold: to
model the finger itself, for the use in a control scheme model
of a human-machine interface, such as a hand exoskeleton, or
to model a finger-like architecture, such as a robotic hand.

Appendices
A. Rototranslation Matrix Elements
The 𝑖 subscript of the angles is omitted. First of all, the terms
for the fingers (𝑖 = 1 to 4) are given. Consider
𝑄𝑖11 = [(𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑐𝜃MCP𝑓/𝑒
− 𝑠𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑓/𝑒 ]
× (𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
− [(𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑠𝜃MCP𝑓/𝑒
+ 𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑓/𝑒 ]
× (𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 ) ,
𝑄𝑖12 = [(𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑐𝜃MCP𝑓/𝑒
− 𝑠𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑓/𝑒 ]
× (−𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )

𝑇

𝑇

𝑇

𝑇

− [(𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑠𝜃MCP𝑓/𝑒
+ 𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑓/𝑒 ]
× (−𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 ) ,
𝑄𝑖13 = 𝑐𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 ,
𝑄𝑖14 = [(𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑐𝜃MCP𝑓/𝑒
− 𝑠𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑓/𝑒 ]
× [𝐿 𝑡𝑖𝑥 (𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
+ 𝐿 𝑡𝑖𝑦 (−𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )
+ 𝐿 1𝑖 + 𝐿 2𝑖 𝑐𝜃PIP𝑓/𝑒 ]
− [(𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑠𝜃MCP𝑓/𝑒
+ 𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑓/𝑒 ]
× [𝐿 𝑡𝑖𝑥 (𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
+ 𝐿 𝑡𝑖𝑦 (−𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )
+ 𝐿 2𝑖 𝑠𝜃PIP𝑓/𝑒 ]
+ (𝑐𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝐿 𝑡𝑖𝑧 + 𝐿 0𝑖 𝑐𝜃CMC𝑓/𝑒 ,
𝑄𝑖21 = 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 𝑐𝜃MCP𝑓/𝑒
× (𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
− 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 𝑠𝜃MCP𝑓/𝑒
× (𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 ) ,
𝑄𝑖22 = 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 𝑐𝜃MCP𝑓/𝑒
× (−𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )
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− 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 𝑠𝜃MCP𝑓/𝑒
× (−𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 ) ,
𝑄𝑖23 = − 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ,
𝑄𝑖24 = 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 𝑐𝜃MCP𝑓/𝑒
× [𝐿 𝑡𝑖𝑥 (𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
+ 𝐿 𝑡𝑖𝑦 (−𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )
+ 𝐿 1𝑖 + 𝐿 2𝑖 𝑐𝜃PIP𝑓/𝑒 ] − 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 𝑠𝜃MCP𝑓/𝑒

+ 𝐿 1𝑖 + 𝐿 2𝑖 𝑐𝜃PIP𝑓/𝑒 ]
+ {− (𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑠𝜃MCP𝑓/𝑒
+ 𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑓/𝑒 }
× [𝐿 𝑡𝑖𝑥 (𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
+ 𝐿 𝑡𝑖𝑦 (−𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )
+ 𝐿 2𝑖 𝑠𝜃PIP𝑓/𝑒 ]
+ (𝑠𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝐿 𝑡𝑖𝑧 + 𝐿 0𝑖 𝑠𝜃CMC𝑓/𝑒 .

× [𝐿 𝑡𝑖𝑥 (𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
+ 𝐿 𝑡𝑖𝑦 (−𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )
+ 𝐿 2𝑖 𝑠𝜃PIP𝑓/𝑒 ] + (−𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝐿 𝑡𝑖𝑧 ,
𝑄𝑖31 = {(𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑐𝜃MCP𝑓/𝑒
+ 𝑐𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑓/𝑒 }
× (𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
+ {− (𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑠𝜃MCP𝑓/𝑒
+ 𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑓/𝑒 }
× (𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 ) ,
𝑄𝑖32 = {(𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑐𝜃MCP𝑓/𝑒
+ 𝑐𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑓/𝑒 }
× (−𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )
+ {− (𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑠𝜃MCP𝑓/𝑒
+ 𝑐𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑓/𝑒 }
× (−𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 + 𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 ) ,
𝑄𝑖33 = 𝑠𝜃CMC𝑓/𝑒 𝑠𝜃MCP𝑎𝑏/𝑎𝑑 ,
𝑄𝑖34 = {(𝑠𝜃CMC𝑓/𝑒 𝑐𝜃MCP𝑎𝑏/𝑎𝑑 ) 𝑐𝜃MCP𝑓/𝑒
+ 𝑐𝜃𝐶𝑀𝐶𝑓/𝑒 𝑠𝜃𝑀𝐶𝑃𝑓/𝑒 }
× [𝐿 𝑡𝑖𝑥 (𝑐𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 )
+ 𝐿 𝑡𝑖𝑦 (−𝑐𝜃PIP𝑓/𝑒 𝑠𝜃DIP𝑓/𝑒 − 𝑠𝜃PIP𝑓/𝑒 𝑐𝜃DIP𝑓/𝑒 )

(A.1)
Now, the terms for the rototranslation matrix of the
thumb (𝑖 = 0) are reported. Take
𝑄011 = [𝑐𝜃TMC𝑎𝑏/𝑎𝑑 𝑐𝜃TMC𝑓/𝑒 ]
× (𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )
+ [−𝑐𝜃TMC𝑎𝑏/𝑎𝑑 𝑠𝜃TMC𝑓/𝑒 ]
× (𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 ) ,
𝑄012 = [𝑐𝜃TMC𝑎𝑏/𝑎𝑑 𝑐𝜃TMC𝑓/𝑒 ]
× (−𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )
+ [−𝑐𝜃TMC𝑎𝑏/𝑎𝑑 𝑠𝜃TMC𝑓/𝑒 ]
× (−𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 ) ,
𝑄013 = 𝑠𝜃TMC𝑎𝑏/𝑎𝑑 ,
𝑄014 = [𝑐𝜃TMC𝑎𝑏/𝑎𝑑 𝑐𝜃TMC𝑓/𝑒 ]
× [𝐿 𝑡0 𝑥 (𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )
+ 𝐿 𝑡0 𝑦 (−𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )
+ 𝐿 10 𝑐𝜃MCP𝑓/𝑒 + 𝐿 00 ]
+ [−𝑐𝜃TMC𝑎𝑏/𝑎𝑑 𝑠𝜃TMC𝑓/𝑒 ]
× [𝐿 𝑡0 𝑥 (𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )
+ 𝐿 𝑡0 𝑦 (−𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )
+ 𝐿 10 𝑠𝜃MCP𝑓/𝑒 ] + 𝐿 𝑡0 𝑧 𝑠𝜃TMC𝑎𝑏/𝑎𝑑 ,

Journal of Robotics

15

𝑄021 = [𝑠𝜃TMC𝑎𝑏/𝑎𝑑 𝑐𝜃TMC𝑓/𝑒 ]

× [𝐿 𝑡0 𝑥 (𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )

× (𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )

+ 𝐿 𝑡0 𝑦 (−𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )

+ [−𝑠𝜃TMC𝑎𝑏/𝑎𝑑 𝑠𝜃TMC𝑓/𝑒 ]

+𝐿 10 𝑠𝜃MCP𝑓/𝑒 ] .
(A.2)

× (𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 ) ,
𝑄022 = [𝑠𝜃TMC𝑎𝑏/𝑎𝑑 𝑐𝜃TMC𝑓/𝑒 ]
× (−𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )
+ [−𝑠𝜃TMC𝑎𝑏/𝑎𝑑 𝑠𝜃TMC𝑓/𝑒 ]
× (−𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 ) ,
𝑄023 = − 𝑐𝜃TMC𝑎𝑏/𝑎𝑑 ,
𝑄024 = [𝑠𝜃TMC𝑎𝑏/𝑎𝑑 𝑐𝜃TMC𝑓/𝑒 ]
× [𝐿 𝑡0 𝑥 (𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )
+ 𝐿 𝑡0 𝑦 (−𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )
+ 𝐿 10 𝑐𝜃MCP𝑓/𝑒 + 𝐿 00 ]
+ [−𝑠𝜃TMC𝑎𝑏/𝑎𝑑 𝑠𝜃TMC𝑓/𝑒 ]
× [𝐿 𝑡0 𝑥 (𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )
+ 𝐿 𝑡0 𝑦 (−𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )
+ 𝐿 10 𝑠𝜃MCP𝑓/𝑒 ] − 𝑐𝜃TMC𝑎𝑏/𝑎𝑑 𝐿 𝑡0 𝑧 ,
𝑄031 = 𝑠𝜃TMC𝑓/𝑒 (𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )
+ 𝑐𝜃TMC𝑓/𝑒 (𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 ) ,
𝑄032 = 𝑠𝜃TMC𝑓/𝑒 (−𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )
+ 𝑐𝜃TMC𝑓/𝑒 (−𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 + 𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 ) ,
𝑄033 = 0,
𝑄034 = 𝑠𝜃TMC𝑓/𝑒
× [𝐿 𝑡0 𝑥 (𝑐𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 )

B. Dynamic Equation Terms
Consider
𝐴 1 = 𝑚1 [(−𝑏1𝑥 𝑠𝜃1 − 𝑏1𝑦 𝑐𝜃1 ) (−𝑏1𝑥 s𝜃1 − 𝑏1𝑦 c𝜃1 )
+ (𝑏1𝑥 𝑐𝜃1 − 𝑏1𝑦 𝑠𝜃1 ) (𝑏1𝑥 c𝜃1 − 𝑏1𝑦 s𝜃1 )]
+ 𝑚2 [(−𝐿 1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 ) (−𝐿 1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 )
+ (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 ) (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )]
+ 𝑚3 [(−𝐿1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 ) (−𝐿1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 )
+(𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )× (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )]+𝐼1 ,
𝐴 2 = 𝑚2 [(−𝑏2𝑥 𝑠𝜃12 − 𝑏2𝑦 𝑐𝜃12 ) (−𝐿 1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 )
+ (+𝑏2𝑥 𝑐𝜃12 − 𝑏2𝑦 𝑠𝜃12 ) (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )]
+ 𝑚3 [(−𝐿2𝑥 𝑠𝜃12 − 𝐿 2𝑦 𝑐𝜃12 ) (−𝐿1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 )
+ (+𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 ) (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )] ,
𝐴 3 = 𝑚3 [(−𝑏3𝑥 𝑠𝜃123 − 𝑏3𝑦 𝑐𝜃123 ) (−𝐿1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 )
+ (+𝑏3𝑥 𝑐𝜃123 − 𝑏3𝑦 𝑠𝜃123 ) (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )] ,
𝑠𝜃1 − 𝑏1𝑦 𝜃1̇
𝑐𝜃1 ) (−𝑏1𝑥 𝜃1̇
c𝜃1 + 𝑏1𝑦 𝜃1̇
𝑠𝜃1 )
𝐴 4 = 𝑚1 [(−𝑏1𝑥 𝜃1̇
]
+ (𝑏1𝑥 𝑐𝜃1 − 𝑏1𝑦 𝑠𝜃1 ) (−𝑏1𝑥 s𝜃1 − 𝑏1𝑦 𝑐𝜃1 ) 𝜃1̇
𝑐𝜃1 + 𝐿 1𝑦 𝜃12̇
𝑠𝜃1
+ 𝑚2 [− (−𝐿 1𝑥 𝜃12̇
2̇
2̇
−𝑏2𝑥 𝜃12
𝑐𝜃12 + 𝑏2𝑦 𝜃12
𝑠𝜃12 )

× (−𝐿 1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 )
2̇
𝑠𝜃1 − 𝐿 1𝑦 𝜃12̇
𝑐𝜃1 − 𝑏2𝑥 𝜃12
𝑠𝜃12
− (−𝐿 1𝑥 𝜃12̇
2̇
−𝑏2𝑦 𝜃12
𝑐𝜃12 ) (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )]
2̇
𝑐𝜃1 + 𝐿 1𝑦 𝜃12̇
𝑠𝜃1 −𝐿2𝑥 𝜃12
𝑐𝜃12
+ 𝑚3 [− (−𝐿1𝑥 𝜃12̇
2̇
2̇
2̇
+𝐿 2𝑦 𝜃12
𝑠𝜃12 −𝑏3𝑥 𝜃123
𝑐𝜃123 + 𝑏3𝑦 𝜃123
𝑠𝜃123 )

+ 𝐿 𝑡0 𝑦 (−𝑐𝜃MCP𝑓/𝑒 𝑠𝜃IP𝑓/𝑒 − 𝑠𝜃MCP𝑓/𝑒 𝑐𝜃IP𝑓/𝑒 )

× (−𝐿1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 )

+ 𝐿 10 𝑐𝜃MCP𝑓/𝑒 + 𝐿 00 ] + 𝑐𝜃TMC𝑓/𝑒

2̇
𝑠𝜃1 − 𝐿 1𝑦 𝜃12̇
𝑐𝜃1 − 𝐿 2𝑥 𝜃12
𝑠𝜃12
− (−𝐿 1𝑥 𝜃12̇
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2̇
2̇
2̇
−𝐿 2𝑦 𝜃12
𝑐𝜃12 − 𝑏3𝑥 𝜃123
𝑠𝜃123 − 𝑏3𝑦 𝜃123
𝑐𝜃123 )

𝐶1 = 𝑚3 [(−𝐿1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 ) (−𝑏3𝑥 𝑠𝜃123 − 𝑏3𝑦 𝑐𝜃123 )
+ (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 ) (𝑏3𝑥 𝑐𝜃123 − 𝑏3𝑦 𝑠𝜃123 )] ,

× (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 )]
− (𝑚1 𝑔 (𝑏1𝑥 𝑐𝜃1 − 𝑏1𝑦 𝑠𝜃1 ) + (𝑚2 + 𝑚3 ) 𝑔
× (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 ) + 𝑘1 𝜃1 − 𝑘2 (𝜃12 − 𝜃1 ))
̇
− 𝑐1 𝜃1̇
+ 𝑐2 (𝜃12
− 𝜃1̇
),

𝐶2 = 𝑚3 [(−𝐿2𝑥 𝑠𝜃12 − 𝐿 2𝑦 𝑐𝜃12 ) (−𝑏3𝑥 𝑠𝜃123 − 𝑏3𝑦 𝑐𝜃123 )
× (+𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 ) (𝑏3𝑥 𝑐𝜃123 − 𝑏3𝑦 𝑠𝜃123 )] ,
𝐶3 = 𝑚3 [(−𝑏3𝑥 𝑠𝜃123 − 𝑏3𝑦 𝑐𝜃123 ) (−𝑏3𝑥 𝑠𝜃123 − 𝑏3𝑦 𝑐𝜃123 )

𝐵1 = 𝑚2 [(−𝐿 1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 ) (−𝑏2𝑥 𝑠𝜃12 − 𝑏2𝑦 𝑐𝜃12 )
+ (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 ) (𝑏2𝑥 𝑐𝜃12 − 𝑏2𝑦 𝑠𝜃12 )]
+ 𝑚3 [(−𝐿1𝑥 𝑠𝜃1 − 𝐿 1𝑦 𝑐𝜃1 ) (−𝐿2𝑥 𝑠𝜃12 − 𝐿 2𝑦 𝑐𝜃12 )

+ (+𝑏3𝑥 𝑐𝜃123 − 𝑏3𝑦 𝑠𝜃123 )
× (𝑏3𝑥 𝑐𝜃123 − 𝑏3𝑦 𝑠𝜃123 )] + 𝐼3 ,
2̇
𝐶4 = 𝑚3 [− (−𝐿1𝑥 𝜃12̇
𝑐𝜃1 + 𝐿 1𝑦 𝜃12̇
𝑠𝜃1 −𝐿2𝑥 𝜃12
𝑐𝜃12
2̇
2̇
+ 𝐿 2𝑦 𝜃12
𝑠𝜃12 −𝑏3𝑥 𝜃123
𝑐𝜃123

+ (𝐿 1𝑥 𝑐𝜃1 − 𝐿 1𝑦 𝑠𝜃1 ) (𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 )] ,
𝐵2 = 𝑚2 [(−𝑏2𝑥 𝑠𝜃12 − 𝑏2𝑦 𝑐𝜃12 ) (−𝑏2𝑥 𝑠𝜃12 − 𝑏2𝑦 𝑐𝜃12 )
+ (+𝑏2𝑥 𝑐𝜃12 − 𝑏2𝑦 𝑠𝜃12 ) (𝑏2𝑥 𝑐𝜃12 − 𝑏2𝑦 𝑠𝜃12 )]

2̇
+𝑏3𝑦 𝜃123
𝑠𝜃123 ) (−𝑏3𝑥 𝑠𝜃123 − 𝑏3𝑦 𝑐𝜃123 )
2̇
𝑠𝜃1 − 𝐿 1𝑦 𝜃12̇
𝑐𝜃1 − 𝐿 2𝑥 𝜃12
𝑠𝜃12
− (−𝐿 1𝑥 𝜃12̇
2̇
̈
̈
− 𝐿 2𝑦 𝜃12
𝑠𝜃12 − 𝐿 2𝑦 𝜃12
𝑐𝜃12 + 𝑏3𝑥 𝜃123
𝑐𝜃123

+ 𝑚3 [(−𝐿2𝑥 𝑠𝜃12 − 𝐿 2𝑦 𝑐𝜃12 ) (−𝐿2𝑥 𝑠𝜃12 − 𝐿 2𝑦 𝑐𝜃12 )
+ (+𝐿 2𝑥 𝑐𝜃12 ) (𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 )] + 𝐼2 ,
𝐵3 = 𝑚3 [(−𝑏3𝑥 𝑠𝜃123 − 𝑏3𝑦 𝑐𝜃123 ) (−𝐿2𝑥 𝑠𝜃12 − 𝐿 2𝑦 𝑐𝜃12 )
+ (+𝑏3𝑥 𝑐𝜃123 − 𝑏3𝑦 𝑠𝜃123 ) (𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 )] ,
𝐵4 =

𝑚2 [− (−𝐿 1𝑥 𝜃12̇
𝑐𝜃1

+

2̇
𝐿 1𝑦 𝜃12̇
𝑠𝜃1 −𝑏2𝑥 𝜃12
𝑐𝜃12

2̇
+𝑏2𝑦 𝜃12
𝑠𝜃12 ) (−𝑏2𝑥 𝑠𝜃12 − 𝑏2𝑦 𝑐𝜃12 )
2̇
𝑠𝜃1 − 𝐿 1𝑦 𝜃12̇
𝑐𝜃1 − 𝑏2𝑥 𝜃12
𝑠𝜃12
− (−𝐿 1𝑥 𝜃12̇
2̇
−𝑏2𝑦 𝜃12
𝑐𝜃12 ) (𝑏2𝑥 𝑐𝜃12

− 𝑏2𝑦 𝑠𝜃12 )]

2̇
𝑐𝜃1 + 𝐿 1𝑦 𝜃12̇
𝑠𝜃1 −𝐿2𝑥 𝜃12
𝑐𝜃12
+ 𝑚3 [− (−𝐿1𝑥 𝜃12̇
2̇
2̇
+ 𝐿 2𝑦 𝜃12
𝑠𝜃12 −𝑏3𝑥 𝜃123
𝑐𝜃123
2̇
+𝑏3𝑦 𝜃123
𝑠𝜃123 ) (−𝐿2𝑥 𝑠𝜃12 − 𝐿 2𝑦 𝑐𝜃12 )
2̇
𝑠𝜃1 − 𝐿 1𝑦 𝜃12̇
𝑐𝜃1 − 𝐿 2𝑥 𝜃12
𝑠𝜃12
− (−𝐿 1𝑥 𝜃12̇
2̇
2̇
− 𝐿 2𝑦 𝜃12
𝑐𝜃12 − 𝑏3𝑥 𝜃123
𝑠𝜃123
2̇
−𝑏3𝑦 𝜃123
𝑐𝜃123 ) (𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 )]

− (𝑚2 𝑔 (𝑏2𝑥 𝑐𝜃12 − 𝑏2𝑦 𝑠𝜃12 )
+ 𝑚3 𝑔 (𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 )
+𝑘2 (𝜃12 − 𝜃1 ) − 𝑘3 (𝜃123 − 𝜃12 ))
̇
̇− 𝜃̇
− 𝜃1̇
) + 𝑐3 (𝜃123
− 𝑐2 (𝜃12
12 ) ,

2̇
2̇
−𝑏3𝑥 𝜃123
𝑠𝜃123 − 𝑏3𝑦 𝜃123
𝑐𝜃123 )

× (𝑏3𝑥 𝑐𝜃123 − 𝑏3𝑦 𝑠𝜃123 )]
− (𝑚2 𝑔 (𝑏2𝑥 𝑐𝜃12 − 𝑏2𝑦 𝑠𝜃12 )+ 𝑚3 𝑔 (𝐿 2𝑥 𝑐𝜃12 − 𝐿 2𝑦 𝑠𝜃12 )
̇− 𝜃̇
+𝑘2 (𝜃12 − 𝜃1 ) − 𝑘3 (𝜃123 − 𝜃12 )) − 𝑐3 (𝜃123
12 ) .
(B.1)
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