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An exoskeleton arm optimal configuration determination
using inverse kinematics and genetic algorithm

SEBASTIAN GLOWINSKI, ANDRZEJ BLAZEJEWSKI*

Koszalin University of Technology, Faculty of Technology and Education,
Department of Mechatronics and Applied Mechanics, Koszalin, Poland.

Purpose: This paper deals with the kinematic modelling of an arm exoskeleton used for human rehabilitation. The biome-
chanics of the arm was studied and the 9 Degrees of Freedom model was obtained. The particular (optimal) exoskeleton arm con-
figuration is needed, depending on patient abilities and possibility or other users activity. Methods: The model of upper arm was
obtained by using Denavit—Hartenberg notation. The exoskeleton human arm was modelled in MathWorks package. The multi-
criteria optimization procedure was formulated to plan the motion of trajectory. In order to find the problem solution, an artificial
intelligence method was used. Results: The optimal solutions were found applying a genetic algorithm. Two variants of motion
with and the visualization of the change of joints angles were shown. By the use of genetic algorithms, movement trajectory with
the Pareto-optimum solutions has been presented as well. Creating a utopia point, it was possible to select only one solution from
Pareto-optimum results. Conclusions: The obtained results demonstrate the efficiency of the proposed approach that can be util-
ized to analyse the kinematics and dynamics of exoskeletons using the dedicated design process. Genetic algorithm solution could
be implemented to command actuators, especially in the case of multi-criteria problems. Moreover, the effectiveness of this
method should be evaluated in the future by real experiments.
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Symbols and notation

the i-link length [m]

the i-link offset [m]

the i-link twist [deg]

min and max human joint [deg]

the decision variable vector

the specification i-link

the joint positions vector

the optimization problem solutions

the individuals who are the next generation

the generation of the parents

the initial and final angle of the i-joint [deg]

the i-joint angle [deg]

the objective function

the criteria of Pareto-optimal solution

the strings in which the numbers 0 and 1 are
swapped

the distance between the base and the first coordi-
nate set [m]

1, — the length of an arm [m]

Iy — the length of a forearm [m]

L, — the length of a wrist [m]

Xi, Vi»z; — the coordinates of the i-joint

m; — is mass of each arm M elements
Xy Vs> Zs — the initial position of the effector
X, ypzp — the final position of the effector

1. Introduction

Exoskeletons are a new class of articulated me-
chanical systems whose performance is accomplished
while in intimate contact with a human user. Some of
them are designed to be worn by the operator, having
a similar kinematic structure to a human limb. The
focus was on the application of active exoskeletons
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for industry and medical purposes [12], [23]. In medi-
cal cases, exoskeletons can support motion therapy or
support other kind therapies, especially osteoporosis,
rheumatoid diseases and other diseases of cartilage
occurring in human joints [24], [25]. The exoskeletons
force proper patient movements, which is combined
with magneto-therapy. For soldiers in the field (infan-
try) they can offer greater load carrying mobility with
less strain and ability to walk further distances. For
military aircraft services they could remove load from
workers to avoid wearing down their bodies through
strenuous physical work (e.g., suspending arms). In
the emergency for firefighters, the most significant
benefit is the ability to climb many flights of stairs
with much more weight without fatigue. For patients,
they can offer assistance during their rehabilitation
process by guiding motions on correct trajectories to
help to relearn motion patterns. Sometimes they give
force support to be able to perform certain motions
(which is necessary for the rehabilitation process) [7].
Moreover, they are able to treat the patient without the
presence of the therapist, enabling more frequent
treatment and potentially reducing costs.

Table 1. Minimum DoF for arm exoskeleton joints

Joints DoF Description
Spine segments 3 |Flexion/extension, lateral flexion,
rotation
Shoulder 3 |Flexion/extension, abduction/adduction,
rotation
Elbow 2 |Flexion, forearm pronation/supination
Wrist 2 |Flexion/extension, abduction/adduction

Many researchers have devoted to the study of an
exoskeleton arm. Pons et al. [18] provided a compre-
hensive discussion of the field of exoskeletons, which
are called wearable robots. They have taken biome-
chatronic design into account, cognitive and physical
human-robot interaction, wearable robot technologies,
kinematics, dynamics and control. Rocon et al. [19]
focused on the area of rehabilitation robotics with
medical problems and experiments using exoskele-
tons. The human arm kinematics and dynamics during
daily activities were analysed in [22], whereas the
design and preliminary evaluation of an exoskeleton
for upper limb were presented in [10]. Determining
the values of kinematic parameters describing human
locomotion was successfully analysed and presented
in [17]. The authors presented ranges of motion of
joints, the instantaneous values of joint angles and
change in dynamics of these values, which could be
used for analysing human motion. Forward and in-
verse kinematics play a key role in determining

property position of an exoskeleton arm. The biggest
problem is the selection of a suitable method. Authors
of the paper [16] proposed the generalization in solving
mechanics (kinematics and dynamics) of manipulators
with an application of a PC. They presented 4 x 4
homogenous transformation matrices and described
problems of rotation and translation of manipulator links
using MATLAB-Simulink package with Robotics Tool-
box for simulation [5]. Some of the solutions and
procedures have been presented in [1]. Asfour and
Dillmann [2] proposed the use of redundancy for the
generation of human-like robot arm motions with a sug-
gestion of a variety of hypothetical cost functions to
explain principles of the human arm movements.
They successfully applied this method to the genera-
tion of human-like motions of the humanoid robot
ARMAR. Another approach to planning the trajec-
tory of an exoskeleton was proposed [11]. In this
paper, we consider the problem of generating exo-
skeleton-human-like motions from the kinematics’
point of view. We propose to consider a 9 Degree of
Freedom (DoF) model of an exoskeleton arm as a basis
and the use of a genetic algorithm method to calcu-
late a proper position applying inverse kinematic of
exoskeleton arm.

2. Materials and methods

2.1. Human arm (kinematics)

The investigated structure of the upper limb has
been divided into three segments: the arm, the forearm
and the hand [8]. An arm is a region between a shoul-
der and an elbow. A torso and an arm are connected by
a shoulder, an arm and a forearm by elbow, whereas
a forearm and a hand by a wrist. According to the
study by the Army Research Laboratory, detailed
requirements for an arm exoskeleton suggests a mini-
mum number of DoF [6].

The movements of the shoulder are shown in Fig. 1a.
Circumduction is a circular movement that combines
flexion/extension, abduction/adduction [15], [17]. The
elbow with 2DoF links the upper and lower arm, and
the movement is presented in Fig. 1b. The wrist-
linking forearm and hand (end-effector) may be con-
sidered as having 2 DoF: abduction/adduction and
flexion/extension (Fig. 1c¢).

Figure 2 shows the 10 DoF exoskeleton model,
where Z; represent axis of the degree of freedom in
i direction. The five joints include 10 DoF (base and
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Fig. 1. Human joint movement: a) shoulder, b) elbow c) wrist

spine joint — 2 DoF, shoulder joint — 3 DoF, elbow
joint — 2 DoF and, wrist joint 2 DoF) creating a re-
dundant 10 DoF model of the exoskeleton arm. The
exoskeleton structure is adjustable to accommodate
a wide range of operator sizes. It should be able to
accommodate from the 5% of female to the 95%
of male size [13]. The body segment lengths «@; and
d; are constant for each individual and it is neces-
sary to estimate these parameters (Fig. 2). Body
segment characteristics are the dimensions of the
arm parts, its mass, center of mass and their mo-
ments of inertia. These lengths scale with the total
height of the person and can be approximated as [11].

Fig. 2. Coordinate systems of the exoskeleton
and degree of freedom axes Z;

To control the end-effector, it is necessary to deter-
mine the relationship between joints and the position
and orientation links.

2.2. Denavit—-Hartenberg
convention

For selecting reference frames in exoskeleton ap-
plications, the D—H convention is very often applied
[9], [14], [21]. The values of the kinematic parameters
of the 9DoF (without finger (Zy)) exoskeleton arm by
using the D-H convention are listed in Table 2. The
inverse problem function is formulated in the follow-
ing, general form:

l9.)=F(x7.y7.2,1.47) (1)

It means, that it is possible to obtain a set of gen-
eral displacement of the joints, when the initial posi-
tion of each i joint is represented by qiS and target
point coordinates [x5 yy z/] (final position of the end-
-efector) are known. According to D-H convention
and introducing (1), (2), (3) and (4), the [¢;] implicate
[x:, yi, 2] finally.

In Table 2, parameters £ are limitation of joints
movement (Fig. 1), Num — number of links; finger
(Zy) is not considered in this work further, parameters
dp, la, I[rand [,, are shown in Fig. 2.
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Table 2. D-H parameters for exoskeleton segments — constraints

Joint p Num a; a; d; 0;
Base (zo) +45° 10— 1) 90° 0 ase q1
Spine (z)) +15° 2(1 - 2) -90° a, d, 92
Shoulder (z;) [£90° med/lat rotation 32—-3) 90° 0 0 93
Shoulder (z3) |-180° abd/add +50° 43— 4) 90° 0 0 q4
Shoulder (z;) |-180° flex/ext +80° 54 —5) 0° Larm 0 qs
Elbow (z5) —10° ext/flex +145° 6(5 — 6) 90° 0 0 qe
Spine (z¢) +90° pron/sup 7(6 > 7) -90° 0 Lorcarm q7
Wrist (z7) -90° flex/ext +70° 8(7 — 8) —90° 0 0 qs
Wrist (zg) —15° abd/add +40° 98 —9) 0° Lyurist 0 99

2.3. Formulation K - im m_ g0 ©)
an optimization problem, = 5" e

objective function
and decision variables

The multi-objective function Fo,; is created (2),
using inverse kinematics and function (1). The deci-
sion variables are sets of general displacements of
each joint [¢g;]. The main problem is to find the solu-
tion minimizing simultaneously three criteria (3).
First criterion K; (4) is the distance between end-
effector and the set target point in 3D Cartesian
space. Second criterion K, (5) is the sum of total
change angles in all joints when the arm changes the
position. Third criterion K3 (6) indicates differences
between potential energy of arm in a particular posi-
tion and the arm potential energy in an initial posi-
tion.

The sought solution should be closest to the indi-
cated target point and should assure minimal change
of angles in joints and potential energy of the exo-
skeleton. The optimization problem can be presented
in the following form:

— objective function F; and decision variables [g;]:

K\, K,, K, :Fobj([%]); (2

— optimization problem and sought (Pareto-optimal)
solutions [qio ]:

min (K, AK, AK1—[q°]; (3)

Gmin <qi <G max

— criteria K, K>, K3:

Ky = (g =)+ Geng =9+ (g = 2,)° - (4)

N
Ky=>lg’ —¢™ 1, (5)
i=1

where Xend, Vend> Zena are coordinates of the effector
final points in Cartesian space (position of the end-
-effector) and x;, yy, zj; represent the target point coor-
dinates, ¢° is the initial angle of the i-joint and g™
represents final angle of the i-joint (1) (total joints angel
change). The initial angle of i-joint [¢’ ] = [¢, = 0,
g =0,9:=0, gs = —1/2, qgs =0, q¢ = W2, g7 = /2,
qs = —1/2, qo = 0] results [x;, s, z;]. The paremeters
Gmin and gm.x represent the bounds, the limits of ¢;
variation (Fig. 1), m; is mass of each arm M elements,

z} represents a z-coordinate difference in relation to

arm initial position, where its potential energy is £,

and, finally, g is an acceleration of gravity. The
Pareto-optimal solutions [ql.o ], within feasible solu-

tions, can be obtained in the form surface, in the case
of three criteria.

2.4. Pareto-optimal solutions
indication method

In order to obtain solutions [ql.o ], i.e., the decision

variables values, which result in the objective function
Foi (2), return for values of criteria K, K>, K3 (3), the
GA method is proposed. It is based on iterative selec-
tion, crossover and mutation processes in order to find
the Pareto-optimal solutions. These solutions must
meet the criterion of Pareto-optimality i.e., must be
nondominated [3], [4]. The number of solutions con-
sidered in each iteration is called population, and the
particular solution is called an individual (or chromo-
some). Each individual consists of particular configu-
ration of design variables called genes. The number of
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individuals introduced as arguments of an objective
function is called generation. During each iteration
among the chosen population, which is obtained by
calculating objective function Fg,; (2) implementing
selected decision variables [g;], the process of non-
dominated solutions is conducted. The selection is
done introducing a ranking process. Each solution [g;],
depending on whether the solution is dominated or
not, is assigned to a particular rank. In the next step,
the roulette method is used to designate the parents

i.e., specific solutions [ ¢/ ] which are involved in new
population creation, by their children [ ¢ ].

In this way, pairs of the parents ([¢/'] and [¢/*])

are created and the roulette procedure is repeated until
a number of turns reaches a half of the population
size. In the next step, the selected pair of parents

forms a new generation including their children [ql.c 1,

which are created using crossover and mutation
mechanism. The last step is a mutation where the de-
cision variables are randomly changed just like posi-
tion of the vector of decision variables. The selection
process in one iteration is over in this way. After the
last of the iteration, Pareto-optimal solutions are re-
turned. The introduced GA procedure, which allows
to search and indicate nondominated solutions, is to-
tally implemented in Matlab function developed by
Popov and added and available as Matlab toolbox.

3. Results

The decision variables appearing in the formula-
tion of the objective function (2) and its minimization
(3) are the discrete value of angles in the exoskeleton
joints. In this particular arm problem consideration,
the finger Zy DOF (Fig. 2) is omitted. In this case,
nine joint positions are indicated (N = 9):

(9:1=14192593>94>95596>97- 95595 (7

It means that one individual contains nine genes.
The numbers of joins are related to coordinate systems
of the exoskeleton shown in Fig. 2. The ¢; = 1 is re-
lated to z, and, subsequently with z axes numbering
q: =9, is related to zg joint.

Furthermore, the constraints ¢, and ¢m.x of posi-
tioning accuracy are imposed on decision variables
according to Table 2 and, particularly, parameter S.
To obtain the minimal value of the objsective function
with three criteria (4), (5) and (6), the GA is used,
with initial population of 50 (constant value during the

whole process) and 6x104 iterations. It is done by
searching the solutions applying requirements. Con-
sidered are only the solutions where the distance be-
tween end-effector and the target point (4) is less than
5 mm. It is the constraint imposed on criterion K, in
order to establish the accuracy of the exoskeleton arm.
Additionally, trajectory under the assumption that
each joint is changed during the arm movement with
constant angular velocity is estimated.

3.1. The Pareto-optimal solution
in case of the 9 Dof exoskeleton arm

There are chosen example cases of target point
[x5 ¥ z7, and the same qiS initial the arm position (1).

The initial configuration ¢, which subsequently

allows for calculating Xend, Vends Zends 1.€., coordinates
of the initial end-effector position, introduced in (4).
The 25 is a limit of Pareto-optimal solutions, which are
presented in the figures in the form of Pareto surface.

The Pareto-optimum solutions distribution de-
picted in criteria coordinates (blue points) are pre-
sented in Figs. 3—4 a). By creating a utopia points
(marked as red circles), only one particular solution is
chosen, as the best solution from the Pareto-optimum
solutions, which is the nearest to the point of utopia.
In the adjacent figures, arm configurations and trajec-
tory related to chosen Pareto-optimal solutions are
shown. In Figs. 3 and 4 b—d, mark B displays the tar-
get point in 3D Cartesian space. The trajectory (solid
line —) connecting the initial position mark as A to
final position B. The two target points and initial arm
configurations cases are investigated. There are two
initial arms configuration: arm bent at the elbow (case 1)
and arm position straight down (case 2). The arm with
joints is depicted as a dashed line with circles (——).
The arm positions, starting from initial, through in-
termediate, to final one are marked using progres-
sively bolder dashed lines. Initial end-effector position
[Xend> Vends Zena] = [230.220, 700.002, —110.32] [mm] is
constant in following investigated case.

3.2. Case 1

Results in the case of first situation, where target
point position one [xg ys z7 = [230.220, 1010.322,

200.0] [mm] are presented. The solutions [ g’ ] ob-

tained [¢”] in the case of criteria minimal values
K; = 0.6168 mm, K, = 228.2435 deg and K; =
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Fig. 3. End-effector target point — case 1, a) Pareto-optimal solutions and arm configuration in the case of criterion:
b) K| minimal value, ¢) K, minimal value, d) K3 minimal value and simultaneously solution nearest utopia point

5773.8 mW get the following values using deg units,
respectively:

[¢°1" =[16.515,-13.548,17.360,1.539,
—51.730,74.076,-19.997, — 41.837, 24.752];
[¢°1%: =[16.515,-7.739,17.450,-0.047,
~51.730,73.076, 0.018, — 40.535, 21.135];
[g°1" =[16.737,-14.968,17.487,-0.373,

—51.803,75.901, -21.171,—-45.543,32.189].

Figures 3b—d show arm’s parts configuration, re-
lated to above solutions, respectively.

3.3. Case 2

Results in the case of the second situation, where
target point position [x; ys z] = [460.400, 500.0,

400.0] [mm] are presented. The solutions [ql.O ] ob-

tained [ql.o ] in the case of criteria minimal values

Ky = 39117 mm, K, = 304.6875 deg and K; =
7809.4 mW, get the following values using deg units,
respectively:

[¢°1% =[25.058,-0.141,—33.658, 45.779,

—81.742,75.796,-0.027,-88.134,-0.014];

[¢° 1% =[25.058,0.047, -33.678,0.304,

—81.742,75.686,—0.027,-88.134,-0.014];

[¢°1 =[24.943,-0.311,-33.678, —89.963,

—81.698, 76.006, 80.922, —89.393, 0.965].

Figures 4b—d show arm’s parts configuration, re-
lated to the above solutions, respectively.
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Fig. 4. End-effector target point — case 2, a) Pareto-optimal solutions and arm configuration in the case of criterion:
b) K; minimal value, ¢) K, minimal value, d) K3 minimal value and simultaneously solution nearest utopia point

4. Discussion

This work had several goals. The main one was
to create the 9DoF model of exoskeleton arm by using
D-H notation. At first, the angles and torques have
been estimated from biomechanical data collected
from humans. The maximal workspace of exoskeleton
arm was successfully determined with the variability
of the joint limits and limb, which is dependent on a
person’s height.

In previous works which dealt with this kind of
problem, the inverse kinetic and DH notation were ap-
plied successfully, as presented in papers [10], [11] and
in other works as well. The required position of end-
effector was worked out using gradient methods. These
algorithms are very effective in the smooth objective
functions case. When objective function based on DH
notation is created considering the limited number of
criteria (one or two like in the papers [10], [11]), the
smoothness is achieved very often and the gradient

methods should work, it gives one particular solution.
But, in the case when the objective function becomes
multi-criterial, there could be more than one solution or
solutions laying down very close to each other. In that
case gradient method fails. Which solution is required
and finally should be considered, contrary to other? The
gradient algorithm does not find it, because it pointed out
just one solution. It may be determined considering
some set of solutions (Pareto-solution) in the criteria
domain (n-dimensional domain, where n is the num-
ber of criteria).

Therefore, as an alternative for that approach, the
following strategy was proposed: to combine GA
method with solutions obtained using the inverse
kinematics of exoskeleton arm. It is foreseen to be
useful at least for engineers in robotics and in the
rehabilitation process. For example, this GA solution
could be implemented to command and control ac-
tuators in a robotic state or to lead arm in the case of
it being disabled. Three necessary criteria were pro-
vided to determine whether correct solutions existed
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without using forward kinematics. By using GA,
moving trajectory with the Pareto-optimum solutions
has been presented. By creating a utopia point it was
possible to select only one solution from Pareto-
optimum results by choosing a solution that was
closest to the utopia point. The operating time of the
GA does not enable us to use it in real time applica-
tion, but to determine the optimum solution in terms
of the selected criteria. The further work needs to be
done. We have only focused on the problem associ-
ated with inverse kinematics, whereas trajectory en-
ergy optimization (next criteria) should be analysed.
The presented approach does not consider the dy-
namics of the exoskeleton arm. The operating time of
the GA to obtain Pareto-optimum solutions in the
examples presented above is approximately 30-31
minutes per task. It does not allow to use this proce-
dure in real-time application, but it can be used to
determine the optimum solution in terms of the se-
lected criterion.

5. Conclusion

The obtained solution can be collected before
the physical exoskeleton movement procedure. By
creating the data based on the possible destinations
for the end-effector it will be possible to choose the
right solution and use it in real time. It is also
shown that this approach allows to plan or design
the trajectory. Knowing initial or neutral arm posi-
tion and determining optimal arm configuration at
the final position, it is possible, on the one hand,
to assign the trajectory under particular joints ve-
locity profile, and, on the other hand, to create the
velocity profile for each joint, so as to get a desir-
able trajectory. The so-called optimal positions
and trajectory, in the case of this kind of problem,
have to be chosen from the multi-solution set. The
new approach, presented in this work, was not in-
troduced so far for this specific purpose, but basing
on genetic algorithm (artificial intelligence) appli-
cation gives a relatively fast and desirable accurate
result. It will be investigated in future work.
Moreover, the effectiveness of this method should
be evaluated in the future by real experiments. The
next step will be to find out the dynamics’ parame-
ters, such as moment inertia and torques. Calculated
torques in each arm joint allow select actuators for
exoskeleton.
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