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Abstract:

Among past years interest in robot-assisted rehabilitation
arose significantly; thus, constructions such as exoskele-
tons are involved in this process much more often. As pa-
tient’s bio-signals may be included in a control loop of
these devices, they may be also used to support the mo-
tion of extremities in an everyday life. Therefore, a field
of control over them stays a popular research topic. For
this reason, an exoskeleton described in a paper was de-
signed. The most important aim of a project was to ena-
ble all anatomical movements within ranges required for
the lifting of an object while minimising a mass of the
device. The following paper consist of a concept of an
exoskeleton and description of FEM simulations and to-
pology optimisation applied to decrease the amount of
material needed. Moreover, as an exoskeleton was built
with FFF 3-D printing technology, created parts are mo-
delled orthotopically based on nominal mechanical para-
meters of filaments and directions of their beams. The de-
sign is complemented with a short description of control
with EMG signals and analysis of load on a user’s muscu-
loskeletal system.

Keywords: exoskeleton, rapid prototyping, rehabilitation
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1. Introduction

Dynamic development of technology contributed
to the creation of new fields of study. Many of them
are just combinations of conventional ones. Among ot-
hers, medical and rehabilitation robotics became es-
pecially prospective, due to current high interest in he-
alth [5].

A significant focus of rehabilitation robotics is de-
dicated to exoskeletons [5]. These devices may be
either used for physical therapy, supporting everyday
mobility of a user or to affect other systems. They may
be controlled mechanically or by tracking biosignals
with methods such as EMG or EEG [11].

As different approaches may be used to control ro-
bots with biosignals, they are still an important topic
to research on. A presented project of an exoskeleton
is designed to test possibilities of different EMG-based
methods, including direct control over motors.

As the whole system supposed to be carried by a
user, its mass has to be minimised. Therefore, innova-
tive methods such as topology optimisation and FEM
(finite elements method) analysis are involved. More-
over, at the early stage, an exoskeleton is being mo-
dified within a lean cycle. Thus, it needs to be buil-

dable rapidly and not to generate high costs of pro-
duction. For these reasons, 3D printing is considered
as the most effective technology. However, combining
3D printing with computer strength analysis is not
commonly applicable due to orthotropic material pro-
perties based on a printout geometry. This paper pre-
sents an approach towards this problem presented for
the real case.

2. Concept of a Device

A designed exoskeleton (see figure 1) of two dri-
ven degrees of freedom (2 DOFs) supposed to sup-
port lifting by an upper extremity of a human. It shall
be usable by people suffering from musculoskeletal
system’s disorders such as myopathies [15]. Its main
aim is to test capabilities of control over such devices
based on harder-detectable EMG signals. However, a
prototype of a robot mounted at the region of an ope-
rator’s shoulder girdle may be applied also for the phy-
sical works, e.g. in warehouses.

According to the design constraints, an exoskele-
ton shall be adjustable for most of the population (5%
women percentile - 95™ men percentile) and have 7
DOFs, including 5 passive DOFs and 2 active DOFs, ena-
bling a free motion of a limb within its whole anato-
mic range. Complying with Polish legislation law, its
load should also not exceed the maximum load of 40
N, permissible for a female worker [3]; however, con-
struction of its end-effector should enable carrying up
to 380 N with arm muscles’ force. Moreover, its weight
and maximum load should not result in a bigger load
on a user’s shoulder girdle than lifting 8 kg with the
straight limb [3].

The construction presented in figure 1 consists of
ten bodies, marked with B letters, twelve slide sleeves,
marked with S letters and two servo-motors. It is de-
signed as closed loops and to work parallelly to the
user’s extremity, what minimise torsion and bending
stress. An elbow of an operator is supported at the
S6/7 while their hand grabs a handle of the S11/12.
The exoskeleton is attached to the shoulder girdle by
neoprene belts assembled to B1 and it carries the load
at TCP.

3. Antropomethric Model

Mechanics of the exoskeleton is design so to ena-
ble its usage by most of the population within a whole
range of motion in extremities’ joints. Therefore it is
treated as a parallel mechanism to the multibody mo-
del of human limb consisting of three segments - an
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Fig. 1. Schematic design of an exoskeleton

arm, a forearm and a hand (see figure 2). These are
connected with shoulder by a 3 DOF joint, and then
with each other by 2 DOF joints.

The values of mechanical properties for different
segments are estimated for chosen percentiles of the
Polish population and afterwards used for dynamics
simulations (see table 1, 2) [7] [10]. Considered ran-
ges of anatomical motion of joints are compliant to the
ISOM standards [12].

Moreover, a pattern of lifting with two human ex-
tremities was kinematically modelled as well [14]. As a
wrist joint was intended to stay rigid, all the parame-
ters were defined for shoulder and elbow joints and
used afterwards for inverse kinematics of a device as-
sembled to the limb (see table 3).

4. Design Cycle

An exoskeleton has been designed within itera-
tion cycles preceded with anthropometric modelling
and declaring project constraints. An outcome of the
whole process after meeting initial requirements was
a complex design of mechanics and printing out cho-
sen parts of the prototype.

4.1. Dynamics Analysis

Motion of an exoskeleton is described with an
equation 1 where rg(?) is position of a handle in a
frame of reference of a shoulder girdle, R are rotration

matrices coresponding to the DOFs of either shoulder
g or elbow ¢g joints and the other parameters are
the distances between points of intersection of joints’
rotation axes (see figure 1).

r6®) = Ru(ps,)Ry(vs, B (¢s.) (114,0,0]" +

(1)
+Re (¢, ) B (5.) [l +76,0,0]")

Diverse kinematics and dynamics of a system is
computed with respect to inertia of all bodies and gra-
vitational forces. The motion of an end efector is given
with trapesium profile of velocity. Selected extremity’s
joints are activated with asynchronic motion within
their anatomic range, while the rotation movement of
TCP around its vertical axis is locked. Moreover, TCP
is constantly loaded with a force of 40 N.

These simulations affected in a choice of the op-
timal kinematic scheme from considered (diversified
in terms of the type of the first drive and construction
of bodies B3 and B4). It required the lowest values of
force/torque from the motors and has not limited the
motion of a user’s elbow by the mechanism (see figure
3).

4.2. Materials and Production Technology Selection

As an exoskeleton supposed to be easily modified
and cheap to build in the prototyping process, its ini-
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Fig. 2. Scheme of used model of a human upper extremity with involved parameters
Tab. 1. Lengths [mm] and masses [kg] of segments of a human upper extremity
Percentile la lr ly ra Tea Tep da dr Tey | MA | mMp | mpy
W5 286 | 189 | 179 | 115 | 125.84 81.27 | 76.39 | 66.23 | 67.16 | 1.50 | 0.78 | 0.50
M50 349 | 235 | 196 | 117 | 153.56 | 101.05 | 95.49 | 72.52 | 87.22 | 2.35 | 1.21 | 0.78
M95 383 | 273 | 210 | 125 | 168.52 | 117.39 | 109.5 | 77.70 | 98.04 | 2.97 | 1.54 | 0.99
Tab. 2. Main moments of inertia of segments of a human upper extremity [kg - m?]
Percentile | I, Iovp | Inzy Iy, Iy, Iy, 1., L. L.y
W5 0.395 | 0.317 | 0.067 | 0.420 | 0.326 | 0.054 | 0.109 | 0.061 | 0.024
M50 1.254 | 0.822 | 0.125 | 1.340 | 0.842 | 0.103 | 0.269 | 0.128 | 0.125
M95 1.861 | 1.144 | 0.159 | 2.011 | 1.175 | 0.130 | 0.413 | 0.186 | 0.159

Tab. 3. Maximum kinematic parameters of shoulder and

elbow joints during lifting with two limbs involved

Joint Type of motion | ¢[°] | wlrad/s] | e[rad/s?]
Shoulder joint | Flexion 135 3,0 23,0
Extension 25 2,3 22,4

Adduction 60 1,7 12,5

Abduction 5 3,0 23,0

External rotation 20 2,0 17,8

Internal rotation -75 2,4 18,3

Elbow joint Flexion 135 2,6 19,5
Extension 40 2,0 19,4

External rotation 30 1,0 8,2

Internal rotation | -25 1,2 8,2

% ? B
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Fig. 3. Chosen kinematic scheme of an exoskeleton

tial version was designed from thermoplastic mate-
rial. Thus, it enabled 3-D printing with FFF technology
by using a simple Prusa MK3s printer.

Main bodies (B) were to be made of a filament
with high-durability, Compositum ABS ST™ [1], while
all the sleeves (S) were to be made of a sliding fi-

lament, iglidur®1180-PF [2]. However, outcomes of
FEM analysis caused a change of the material for
bodies into CFRP composite T300/914 [9] and divi-
sion of sleeves’ structure into the inner supporting
sleeve from T300/914 and outer sliding sleeve from
iglidur®1180-PF.

4.3. FEM Analysis

FEM analysis has been run in Autodesk Inventor
2018 environment separately for every body of an exo-
skeleton (B1-B10). Each of them was rigidly suppor-
ted at the point of connection with a previous body and
loaded with a maximum reaction force computed in
the forward dynamics at the point of connection with
the next body. Apart from reaction forces including in-
ertia of parts, a gravitational acceleration was imple-
mented into the study.

To minimise the mass needed for strength, stiff-
ness and durability constraints, an optimal direction
of beams in printouts was chosen (see table 4, where
orientation is described by the two letters standing for
head-bed surface according to CAD project, where the
first letter describes an axis from the project aligned
with printout’s beams). They were aligned with a vec-
tor of maximum reaction force occurring in a body du-
ring its simulated motion.

Afterwards, every part was divided into tetrahe-
dral elements with 8 nodes each (see table 4) and as-
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Tab. 4. Details of used FEM mesh grids and parts’ orientations
Part | Nodes | Elements | Final material | Material of a prototype | Orientation
B1 10,238 5,144 T300/914 Compositum ABS ST XZ
B2 21,589 11,202 T300/914 Compositum ABS ST XZ
B3 3,884 1,796 T300/914 Compositum ABS ST zy
B4 3,127 1,358 T300/914 Compositum ABS ST ZX
B5 2,581 1,131 T300/914 Compositum ABS ST yZ
B6 9,452 4,564 T300/914 Compositum ABS ST yZ
B7 4,621 2,142 T300/914 Compositum ABS ST zy
B8 4,137 1,898 T300/914 Compositum ABS ST zy
B9 2,581 1,131 T300/914 Compositum ABS ST yzZ
B10 3,418 1,562 T300/914 Compositum ABS ST Xy

2021

signed to orthotropic material Compositum ABS ST™

with strength parameters scaled according to experi-
mental values for typical ABS [4], based on its nominal
mechanical parameters (see table 5).

The analysis was carried to check the design com-
pliance with the strength and stiffness conditions, as
significant deviations occurring in the parts are com-
pensated by their parallel connection to the human ex-
tremity.

Tab. 5. Mechanical parameters of an orthotropic model

The whole process was repeated until the final
mass could not be reduced without splitting the part
into halves or until results of FEM analysis of modi-
fied body were insufficient. Based on the refragmen-
ted design, a new one was created by removing mate-
rial from selected areas. The results of maximum mass
reductions are presented in a table 6. Topological opti-
misation decreased mass of an initially-designed exo-
skeleton by 15%.

Tab. 6. Results of a strength analysis of the exoskeleton’s

of Compositum ABS ST™ material parts before and after topology optimisation
Direction XX yy zz | Nominal Part | Massred. | m [g] | oreq [Mpa] | €[%] | d [mm]
R, [Mpa] 35.23 38.56 23.74 51.2 B1 0% 367 4911 | 0.004 0.044
Fu [kN] 1.41 1.54 0.95 2.05 B2 0% 172 1.949 | 0.001 0.002
E[Mpa] | 271644 | 2730.67 | 2375.11 | 3431.82 5% 163 2178 | 0.001 | 0.002
v 0.46 0.57 0.44 0.48 B3 0% 205 12.782 | 0.001 0.0164
G [Mpa] 1023 977 906 1280 16% 173 14.185 | 0.001 0.016
B4 | 0% 137 43189 | 0.03 | 0.001
B5 0% 248 0.291 | 0.001 0.001
4.4. Topology Optimisation 26% 184 28.459 | 0.02 0.016
To make a design as light as it is possible, the to- B6 | 0% 223 51.143 | 0.038 0.088
pology optimisation module of Autodesk Inventor 2018 14% 192 5.56 | 0.04 0.065
has been used as well. Previously defined meshes and B7 0% 208 24.868 | 0.019 0.39
materials (see table 4) were used. FEM analysis was 15% 177 27.046 | 0.021 0.537
in prior to any modification and then certai.n elemegts B8 | 0% 123 16.927 | 0.012 0.024

were removed from the mesh to keep elastic potential

energy minimal according to the formula 2, where K, 18% 101 16.253 | 0.011 0.034
is a stiffness matrix of an element ¢, E, is a field of the B9 0% 248 0.291 | 0.001 0.001
stiffness of an element e and u is a vector of displace- 26% 184 0.852 | 0.001 | 0.001
ments [13]. B10 | 0% 267 27.846 0.02 0.101
27% 194 35.154 | 0.024 0.127

T
min (25:1 K, (E.) u) U
VE, € E,

(2)

Additionally, constraints on some areas were ad-
ded. Elements from the close neighbourhood of who-
les and bearings were not removable. Moreover, the
symmetry planes were defined as well. Also, every
part had to stay in one piece at the end of optimisa-
tion.

4.5. Rapid Prototyping

To validate the design rapidly, both sliding sleeves
and parts from ABS were printed with Prusa MK3s
printer. Elements made of Compositum ABS ST™ kept
high accuracy and the tolerance of their dimensions
stayed within a range of +1 mm; even though, the prin-
ter was not covered with any enclosure. To achieve
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smaller roughness, the designs could be enhanced
by additional outer trails and then ground. Howe-
ver, this was not necessary in this case. Regions were
the screws supposed to be were printed with 100%
fill to enable drilling and threading. Sleeves made of
iglidur®1180-PF required additional post-machining.
Their dimensional tolerance stayed within a range of
+2 mm; thus, the design was enhanced by additional
outer trails and then ground significantly. Thanks to
this, relatively big roughness was decreased to the va-
lue permissible for the designed bearings.

5. Human Compatibility
5.1. Control System

The exoskeleton was designed to broaden capabi-
lities of direct control over such constructions with
EMG signals. Thus, the electrodes were designated to
be placed in the regions corresponding to four major
muscles of a shoulder girdle (SP - pectoralis major,
AD - deltoideus, TM - teres major and LD - latissimus
dorsi) and two muscles of an arm (BB - biceps brachii
and TB - triceps brachii) [6]. Then the simple schema-
tic model of a control system was performed. Howe-
ver, it had significant biases caused by its dependence
on measured and estimated anatomical parameters of
a user, such as masses and lengths of limb’s segments.
Therefore, it was ineffective for universal application
by various operators.

5.2. Equipment Placement

Apart from the designed construction assembled
to the region of shoulder girdle and blade by neoprene
belts, the device consisted of a battery and a control
system board. As these both need to be carried by a
user, they affect the load on a musculoskeletal system.

To minimise the forces affecting spine extensor a
simulation based on Stotte’s model was run [8]. It as-
sumed a point force load from the battery weight equal
to 15 N and a point force load from the weight of a con-
trol panel hardware equal to 5 N. Also to decrease a
force affecting oblique muscles, minimisation of a mo-
ment of force in a coronal plane was performed. Re-
sults of both calculations determined that the battery
and a control system board should be attached right
above pelvis of a user on the other side of the torso
than the exoskeleton (symmetrically regarding sagit-
tal plane). Moreover, the battery should be placed in
their back, while the board should stay in their front.

6. Conclusion

The designed exoskeleton is fully applicable for
pre-defined tests on the efficacy of a direct control ba-
sed on EMG signals. Moreover, it may be also applied
for patients with musculoskeletal disorders to support
their lifting capabilities.

A presented approach towards mechanical design
involving orthotropic modelling of parts 3D printed
within FFF technology from different materials, and
their further topologic optimisation and FEM strength
analysis, enabled significant decrement of a mass of
construction. If the device would be commercialised,
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its sliding sleeves should be topologically optimised as
well.

As an initial design, it may also be significantly im-
proved. Further stages of the project might include
complex dynamic user’s musculoskeletal system ana-
lysis and deep UX research. Also, the bodies could be
printed from a cheaper material, not necessarily in-
volving FFF technology, and the chosen servo-drives
could be replaced by the ones generating higher tor-
ques and rotational velocities.

Apart from its initial aim, the exoskeleton could be
used for tests on EEG capabilities or support lifting in
warehouses after strengthening of bodies’ constructi-
ons.
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