International Journal on Interactive Design and Manufacturing (1JIDeM)
https://doi.org/10.1007/s12008-021-00779-9

ORIGINAL PAPER O‘)

Check for
updates

Conceptual design and virtual prototyping of a wearable upper limb
exoskeleton for assisted operations

Pietro Bilancia'® - Giovanni Berselli?

Received: 30 December 2020 / Accepted: 20 September 2021
© The Author(s) 2021

Abstract

This paper introduces a novel upper limb robotic exoskeleton designed to assist industrial operators in a wide range of manual
repetitive tasks, such as tool handling and lifting/moving of heavy items. Due to its reduced size and high maneuverability,
the proposed portable device may also be employed for rehabilitation purposes (e.g. as an aid for people with permanent
neuromuscular diseases or post-stroke patients). Its primary function is to compensate the gravity loads acting on the human
shoulder by means of a hybrid system consisting of four electric motors and three passive springs. The paper focuses on the
exoskeleton mechanical design and virtual prototyping. After a preliminary review of the existent architectures and procedures
aimed at defining the exoskeleton functional requirements, a detailed behavioral analysis is conducted using analytical and
numerical approaches. The developed interactive model allows to simulate both kinematics and statics of the exoskeleton for
every possible movement within the design workspace. To validate the model, the results have been compared with the ones

achieved with a commercial multibody software for three different operator’s movements.

Keywords Upper limb exoskeleton - Computer aided design - Virtual prototyping - Gravity balancing - Robotic arm

1 Introduction

In recent years, the interest for assistive devices has been
increasing due to their proven effectiveness in many cardi-
nal areas, such as medical treatments [1-4] and industrial
manufacturing processes [5—8]. These advanced mechan-
ical/mechatronic systems are gradually stepping from the
research labs to the real life applications, mainly for the
rehabilitation of injured or disabled patients [9,10], but also
for enhancing the operators performance in many work
environments [11]. Under the trend of Industry 4.0 [12—
14], the level of automation is constantly increasing in
the production lines, though many manual repetitive tasks
(e.g. tool handling, time-consuming overhead operations,
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machine loading/unloading, lifting/carrying of heavy com-
ponents, operations under asymmetric un-ergonomic body
postures, etc.), which cannot be automated, are still existent
at large scale [15,16]. They become arduous, exhausting or
even dangerous after a certain amount of time. In fact, work-
ers exposed to these activities are more likely to manifest
work-related musculoskeletal disorders [17,18].

Within this scenario, the development of portable, light-
weight and ergonomic assistive devices seems to be an
effective strategy to reduce the risk of injuries in manual
manufacturing and also to avoid loss of productivity [5].
Their primary function is to assist people during the exe-
cution of specific movements by providing supplementary
strength, making it possible, for instance, to deal with greater
loads, to compensate for a lack of muscularity and to prevent
from excessive fatigue. Wearable assistive devices, usually
referred to as exoskeletons, are commonly designed to oper-
ate along their human counterparts, namely the lower/upper
limbs or the neck area, though in the last case, if no partic-
ular functionalities are provided, the device could be better
identified as a brace [24]. Ready examples of commercially
available exoskeletons are the Mate, [19], the AirFrame [20]
and the ShoulderX [21] for the upper limbs, the LegX [22]
and the Hercule [25] for the lower limbs, and the Laevo V2
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Fig.1 Examples of assistive devices for manual tasks in the manufacturing industry. From the left: the Mate [19], the AirFrame [20], the ShoulderX

[21], the LegX [22] and the Laevo V2 [23]

[23] for the lumbar region. Despite these promising solu-
tions, shown in Fig. 1, have not yet been fully integrated in
the industrial sector, many pilot studies highlighted their pos-
itive effects on the operators, which are well documented in
[5,8,11,26,27]. Similarly, also soft exoskeletons (e.g. arm/leg
exosuits [28,29]) represent an important research topic, with
several prototypes currently transitioning from lab to mar-
ket. In this case, the system shall comprise deformable
sensory-motor technologies, such as soft/compliant [30,31]
and sensors [32]).

Generally, the design of an efficient exoskeleton is a
challenging task since it requires a deep knowledge of
the biomechanics of human movements, which are often
not simple and may involve many joints and parts [33].
From a kinematic standpoint, an exoskeleton must be quasi-
equivalent to the related human limb, otherwise undesired
motion and force contributes would be introduced during
the functioning and then transmitted to the wearer, caus-
ing discomfort or even diseases [34]. These design issues
are emphasized when considering the human upper limbs,
because they are smaller than the lower limbs and they have
mobility in a wide range of space, as clearly described in [35].
In particular, it shall be remarked that the shoulder is one of
the most anatomically intricate region of the human body,
as it combines four joints (i.e. the Glenohumeral joint, the
Acromioclavicular joint, the Sternoclavicular joint and the
Scapulothoracic joint, as shown in Fig. 2) and a large number
of bones, muscles, ligaments and tendons [36]. Also, because
of the intrinsic flexibility of the human musculoskeletal sys-
tem, which varies between individuals based on their age, sex
and state of health, a general parametric kinematic model can-
not be easily formulated for the shoulder complex. Starting
from [37], where the shoulder is simplified to a ball and socket
joint, plenty of kinematic configurations have been proposed
and analyzed. Most of these utilize serial chain manipula-
tors and adopt a 3 Degrees of Freedom (DoFs) design for
the Glenohumeral joint, where the axes of the 3 Revolute (R)
joints must intersect the human shoulder center of rotation
[3,4,38—42]. Other configurations employ 4R [43,44] or 5SR
[34] redundant schematics with the aim of overcoming pos-
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Fig.2 Biomechanics of the human shoulder

sible singular configurations. Alternative mechanical layouts
can be found in [45], in [46], and in [47], where a double par-
allelogram linkage, a hyper-redundant chain and a scissors
linkage are respectively proposed. Given that the exoskeleton
is attached to the human arm and must resemble its motion,
a standard design rule is to add extra DoFs in order to better
follow the human shoulder’s broad variety of activities and
avoid misalignment between human joints and exoskeleton
joints. For a comprehensive review of the existent hardware
in the field of upper limb exoskeletons, the interested reader
may refer to [48-50].

Besides the mechanism topology, another crucial point for
the exoskeleton design is the selection of the balancing prin-
ciple. According to the literature, the exoskeletons can be
classified into active or passive types based on the presence
or not of externally-powered actuators in the assisted mecha-
nism [48]. The former provide reactive and precise assistance
via the combined use of a sensory apparatus, a set of motors
and a controller, whereas the latter rely on the presence of
passive spring-like components to counterbalance the loads
due to gravity. At the early design stage, the proper selection
between them should be guided by the following points:

— Biomechanics of the human limb—A single DoF kine-
matic chain, such as the elbow joint, can adopt either
active [52] or passive [53] balancing without any restric-
tion. Obviously, in case of active balancing, the motor
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Fig.3 Typical movements of the human upper limbs [51]

placement is to be carefully investigated in order to
increase the overall compactness and ensure a suffi-
cient level of mobility. Instead, when considering more
complex scenarios, namely human limbs whose motions
are unquestionably to be obtained by means of multi-
DoFs chains (e.g. the shoulder joint), the designer may
encounter issues in terms of maneuverability if an active
balancing system is chosen because of the presence of
many additional components installed therewith. A par-
tial solution for this problem is the use of a remote
actuation and cable-driven transmissions [50,54,55]. In
any case, the overall assembly would be surely simplified
if a passive system is implemented, as in [4].

— Balancing action—This aspect is strictly related to
the field of application. As previously mentioned, the
exoskeletons have potentials to be utilized in many sit-
uations, among which the assistance of workers that
face repetitive tasks, but also the rehabilitation of stroke
patients or the treatment of people with neuromuscu-
lar disorders. Therefore, on the basis of the specific
assistance being provided, the exoskeleton balancing is
expected to be more in static or dynamic conditions.
Slow movements fall into the static balancing and leave
the designer free to select either active or passive sys-
tems, whereas rapid movements are most likely to be
assisted via a motorized solution. For industrial-oriented
exoskeletons, an interesting study showing the priority
joints for active assistance to prevent back and shoulder
injuries can be found in [56].

— Balancing accuracy—While passive exoskeleton are
usually constrained to a specific set of target tasks, the
active balancing can be achieved for a broad range of
movements by means of the sensory feedback and a rapid
control action [57].

— Overall weight—As it may be expected, large and heavy
linkages may need the use of motors to receive an ade-
quate assistance. This is the case of heavy rehabilitation
prototypes, as the ones visible in [3,37]. Conversely, the
passive balancing is promoted when light-weight and
compact designs are required.

By combining these features, one could also synthesize
hybrid exoskeletons, namely systems comprising both motor-
ized joints and passive elastic elements [58]. These solutions
allow to select smaller actuators, reducing the risk of colli-
sion between the components and facilitating the interaction
with the wearer.

In this context, this paper aims to propose a novel portable,
hybrid, interactive, upper limb exoskeleton to be used in both
industrial and healthcare environments to reduce the human
musculoskeletal loads. The idea is to combine the advances,
in terms of mechanism efficiency, visible in recent academic
research prototypes, with the benefits of the existent com-
mercially available exoskeletons (such as the ones in Fig.
1), which can be outlined into simplified assembly, reduced
weight and limited production costs. Therefore, the proposed
exoskeleton makes use of a limited number of parts, which
leads to a relatively simple structure. It follows the natural
motions of the human shoulder (including the contributes
from the shoulder girdle) and the elbow joints, i.e. the ones
visible in Fig. 3. The balancing is achieved via the con-
current action of four electric DC motors and three linear
springs placed between the rigid links. The paper focuses
on the mechanical design of the device and describes its
main characteristics. The exoskeleton kinematics and statics
are considered in details. In particular, an analytical model
is developed with the aim of determining the overall range
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Fig.4 Proof-of-concept design of the exoskeleton. a Example of the right-arm version on a manikin. b Detailed view of the main components. ¢

Exploded CAD view. d Kinematic model and its DoFs

of motion as well as the correct size of the motors and of
the springs. Also, this parametric and efficient interactive
model will surely be of interest for the controller design of
the exoskeleton. As a last step, the model is validated through
a commercial Multibody Dynamics (MBD) software under
different working conditions.

The rest of the paper is structured as follows: Sect. 2
describes the main features of the proposed exoskeleton
design, Sect. 3 recalls the background theory of planar bal-
ancers, Sect. 4 reports the developed analytical model and its
numerical validation, whereas Sect. 5 provides the conclud-
ing remarks.

2 Design concept

For the design of the exoskeleton system, a number of fea-
tures have been considered. First, in view of its use as a
multi-tasking portable device, the compactness as well as
the total weight and the user safety become primary con-
cerns [59]. Second, the device must achieve high dexterity
so as not to cause impediments to the user. This applies
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especially to the industrial devices (see Fig. 2), because reha-
bilitative devices usually need a smaller mobility and their
design is focused on the motion accuracy. The embodiment
design of the developed exoskeleton is described hereinafter.
In particular, Fig. 4a shows the right-arm configuration of
the portable device mounted on a manikin, whereas Fig. 4b
and c¢ provide a detailed view of its main components. As
visible in these figures, the overall structure is compact
and is connected to the human arm by means of two cuffs
(i.e. Arm Holder and Forearm Holder). The kinematic model
is depicted in Fig. 4d, where a simplified version of the
overall exoskeleton is schematized. Differently from indus-
trial solutions employing simplified kinematic chains (see,
e.g., [19,20]), the proposed mechanism has 6 DoFs for sup-
porting the motion of the human shoulder and the elbow
joints. With reference to Fig. 3, 2 R joints (Ryp and R; in
Fig. 4d) are used to model the shoulder girdle movements,
3 R joints (R2, R3 and R4 in Fig. 4d) provide the gleno-
humeral movements, and the last R joint (Rs in Fig. 4d) is
aligned with the elbow joint. Two parallelogram decoupling
systems (Fig. 4c) have been included in the kinematic chain,
making it possible to simplify the passive balancing [60],



International Journal on Interactive Design and Manufacturing (1JIDeM)

C))

y
) Scapula
movement

Arm

\novement

"

(b)

| Scapula
movement

(c) Arm

movement

®

Forearm
movement

Arm
movement

Fig.5 Exoskeleton primary motions. Single effect of Ry (a), Ry (b), R> (¢), R3 (d), R4 (e) and Rs (f)

as it will be explained in the next section. Similar solutions
can be found in [3,42]. The basic motions of the exoskele-
ton, obtained by rotating a single R joint (from Ry to Rs)
while keeping the others fixed, are illustrated in Fig. 5. As
visible in Figs. 5a and b, the exoskeleton can capture the
glenohumeral joint deviations (displacement from S to sy
in case of scapular abduction/adduction and shoulder girdle
elevation/depression, which is a desirable quality, as clearly
remarked in [61]. Naturally, to ensure a safety interaction
with the operator, mechanical stoppers are implemented to
limit the operative range of each R joint.

As for he gravity balancing, this is obtained by combining:

— Fourelectric motors, placed in R», R3, R4 and R5. Among
the available products on the market, the FLA-series of
brushless DC motors (by Harmonic Drive SE), equipped
with harmonic drive reducers, are here chosen mainly for
their small size and high delivered torque. Clearly, the
final selection from the manufacturer’s catalogs depends
on the required torque, which in turn depends on the sub-
ject (and task) being assisted.

— Three Non-Zero Free Length (NZFL) linear springs,
arranged between Link 0 and Link I, Link 3 and Link
4, Auxiliary Link and Link 5. Ideally speaking, the Zero
Free Length (ZFL) springs are preferable due to their
simplified modeling and synthesis. However, they are not
readily available and their practical realization requires
the use of a wire-and-pulley mechanism [62], that is why
many researches utilize NZFL springs [42].

Starting from the background theory, the above discussed
points will be analyzed throughout the next sections.

3 Background on passive balancers

This section briefly summarizes the main results of previ-
ous studies in the field of passive balancers and extrapolates
simple formulas that can help the designers in the synthesis
process.

3.1 1 DoF balancer

The 1 DoF balancer [63] has been utilized as a basic mod-
ule in many researches [64—-66]. With reference to Fig. 6a,
assuming that the link has null density, the torque produced
by the mass placed at distance a from the ideal R joint, under
the effect of gravity, is equal to:

M = mgasin6 (H

where 6 represents the angular position of the link. By
attaching an ideal ZFL linear spring between the ground and
the link through two R joints, respectively at distance ¢ and
b from the principal R joint, as in Fig. 6b, the new moment
equilibrium is as follows:

mgasin® — kdbsina =0 2)

From the triangle of sides bcd, the following trigonometric
correlation can be defined:

. . csinf
csinf =dsina — d=

3

sin«
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(a) (b)

Fig. 6 Planar 1 DoF balancer. a Gravity load acting on the system.
b Balancing with a linear spring. ¢ Balancing with a compliant spline
beam

By substituting Eqgs. 3 in 2, the angles are elided and the
expression of the spring stiffness becomes:

mga

k= —— 4
be 4

or,ifa = b:

p="8 )
c

Since the ZFL condition has practical limits, in the fol-
lowing two more solutions are discussed. The first considers
spring with NZFL [67]. In this case, by assuming dj as the
initial spring length, Eq. 2 can be rewritten as:

mgasinf —k(d — dp)bsina =0 6)

Then, by introducing Eq. 3, a new expression for k can be
derived, i.e.:

B mga
bc( — %0)

where d = +/b? + ¢2 —2bccosf from the cosine theo-
rem. To remove the dependence on 6, one may consider

k )

d = v/b% + 2, though this is valid if [7%<;| < 1. Under
this condition, the spring stiffness becomes:
= mga @)
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Note that for dy = 0, Eq. 8 coincides with Eq. 4. Quoting
[53,60], another possible way to reach the gravity balanc-
ing is the use of properly designed compliant mechanisms
[68]. For instance, Fig. 6¢ shows a possible configuration
of compliant balancer, namely a flexible beam whose shape
is to be optimized in order to match a specific, pre-defined,
force-deflection behavior (Fj, = Fp(0)) in the angular range
of interest [69-71].

3.2 2 DoFs balancer with decoupled architecture

For a 2 DoFs linkage, as the one depicted in Fig. 7a,
an additional spring element (or, alternatively, a compliant
mechanism) is needed. The torques due to gravity are given
by:
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My =mga; sinfy + mpg(lq sin6;
—apsin(f) + 61)) =
=mgaj sinby + mogly sin0; + My )
My = —magas sin(0; + 62) (10

As it can be noted from Egs. 9 and 10, both M| and M
are functions of 0; and 6,, making it problematic to com-
pensate the first/second R joint (see Fig. 7a) without taking
into consideration the position of the other. To overcome this
issue, two additional links (Auxiliary Links in Fig. 7b) can be
added to form a parallelogram decoupling mechanism [60].
The direct advantages of such decoupling architecture can
be deduced from the static analysis of Fig. 7c. In particular,
Eq. 9 can be reformulated as:

M3 gec = magaz sin 0y (11)

The rotational equilibrium of the auxiliary links gives:

. cos 01
Ryolisinf) = Ryplicosy — Ryo = Rpp— (12)
sin 0}
and
M> 4
M3 gec = eRpy — Rpp = « (13)

By knowing that R,3 = mg and by considering Eqs. 12
and 13, the vertical equilibrium of the second auxiliary link
becomes:

M> gec cos By

Ryt —mig =mag + (14)

e sinb

Now, being Ry1 = Ry, the expression of M| 4. can be
derived as follows:

M cos 6
M1 dec = migay sin6 + <m2g + ﬂ—l> [1 sin 6;
e sinb

. M2,dec
e
=mygaj sinB + mygly sin 6 (15)

1 cos 0y

The effectiveness of the decoupling mechanism can be
verified with a rapid comparison between Eqs. 9-10 and
Egs. 11-15. In case of NZFL springs (Fig. 7d), the stiff-
ness constants are determined through the following formulas
(obtained by reiterating the steps from Eqgs. 2 to 8 with the
new expressions of M| gec and M3 4e¢):

l
ki = migay +maglh (16)

bicy [ 1 = —du_
! ( /b§+c§>
ky = 2842 (17)

bacy |1 —
? 2( ,/bg+c§>

where dy; and dp; are the initial free lengths, to be considered
null in case of ZFL springs.

4 Virtual prototype of the exoskeleton

In the following, an interactive model is developed for study-
ing the exoskeleton kinematics and statics in the design
workspace. The mechanism schematic is shown in Fig. 8 and
its main dimension parameters are summarized in Table 1.
The length of each link (especially the ones attached to the
operator’s arm and the forearm, i.e. /4 and I5) have been
decided in accordance with the work presented in [72], con-
sidering a male whose body mass is 80 kg and height is
1.8 m. From the same study, the operator’s arm and forearm
masses, and also their center of mass positions, have been
determined. Obviously, these parameters can be varied and
the model updated in case of different anatomical character-
istics.

4.1 Kinematic model

The kinematic model of the 6 DoFs exoskeleton can be con-
structed based on the D-H method [73]. In particular, having
defined a coordinate system for each link, CS;, i € [0, 6]
(see Fig. 8), a set of six 4 x 4 homogeneous transformation
matrices, A;(6;), i € [0, 5], can be easily formulated. Fol-
lowing the kinematic chain’s rule, being °q = [0 00 I]T the
position vector of the end-effector with respect of the local
coordinate system CSg, the position vector with respect of
the Global Coordinate System (GC' S, aligned with C Sy only
in the initial configuration), Q = [X Y Z I]T, is obtained
as:

Q=A% (18)
being A the overall transformation matrix, calculated as:
A = AgA1A2A3A4A5 (19)
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Fig.8 Exoskeleton mechanism
schematic with global and local
coordinate systems

Global Fixed

where
[cosfy —sinfy 0 0
An — sinfy cosfy 00
=1 0 0 10
0 0 o1
100 0
A — 010 —/;cosby
1= 1001 —sin6;
000 1
1 0 0 r
Ay — 0 cosr —sinbr —r3sinb;
2= 1 05sin6, cosby rycosb,
00 0 1
[cos@3 —sinf3 0 rpsinf;
A — sinf3 cosf3 0 —rpcosbs
371 o 0 1 —r
0 0 0 1
_10014sin94
010 0
A4=100114c00
000 1
[ cosfs 0 sinBs [5sinbs
| 0 1T 0 0
57 | —sin®s 0 cosO5 Is cos 05
0 0 0 1

In accordance with initial mechanism configuration visible in
Fig. 8, each rotation angle is defined as 6; = 6; o+ A6;, i €
[0, 5]. The motion parameters of each R joint are summarized
in Table 2, and the resulting exoskeleton design workspace
is illustrated in Fig. 9 (where 65 = 65 o for visualization pur-
pose). These operative limits have been chosen with the aim
of avoiding kinematic singularities, which otherwise may
occur, as clearly pointed out in [43].
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Table 1 Geometrical and mass parameters of the virtual model

Parameter description Symbol Value
Link1: length A 121 mm
Link2: dimension r 125 mm
Link3: dimension i) 75 mm
Link2-3: dimension r3 95 mm
Link4: length In 307 mm
LinkS5: length Is 225 mm
Arm: mass mi 2.1kg
Forearm: mass my 1.2 kg
Arm: center of mass position ag 0.44 I, mm
Forearm: center of mass position as 0.425 Is mm

Table2 Motion parameters of the exoskeleton model considered in the
analysis

Joint Initial position Pos/neg permitted increments
(6o) (AO)
Ry 0° —15°,20°
Ry —38° —40°, 10°
Ry 0° —60°, 60°
R3 0° —70°, 80°
Ry 106° —75°,75°
Rs 90° —140°, 0°

4.2 Static model

The main purpose of the static analysis is to return, for any
generic imposed trajectory of the exoskeleton’s end-effector,
the torques that need to be externally provided at the six
R joints (R;, i € [0, 5] in Fig. 4d) so as to achieve a
complete gravity balancing. In the subsequent preliminary
model, the masses m and m, are attached to the Link 4 and
Link 5 respectively (with distance r;, as visible in Fig. 8).
Since Ry rotates around the GC S z-axis, the weight will be
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Fig.9 3D map of the exoskeleton range of motion

equilibrated by the reaction force for any in-operation con-
figuration, removing the need of external balancing actions.
As for Ry, the scapular decoupling mechanism (gray paral-
lelogram in Fig. 8) simplifies the calculation of the gravity
torque (as explained in Sect. 3.2), which becomes:

My = 11(my + m3)g cos 6] (20)
The torque at R, can be formulated as:
My = hyymi1g + hamymag 2D

where, according to Fig. 10a:

ho.my = Fm, COS <92 + arctan <—_v4’m' )) (22)
h3,m1
h2.my = Fm, COS <92 + arctan <—m)) (23)
h3,m2

rml =\/h3,m12+v4,m12 (24)
Tmy = \/h3,m22 + (v4 + US,m2)2 (25)
and according to Fig. 10b and c:

h3,my = h4,m, Sin 63 (26)
/’l3,m2 = (/’l4 =+ h5,m2) sin 03 27
h4m, = assinby (28)
hg = l48in 6, (29)
h5,m2 = dsj sin 95 (30)
Vi, = —a4 cOS 04 (€29)
Vg4 = —lqcOS b4 (32)
V5, m, = —a5c0S G5 (33)

Fig. 10 Mechanism schematics showing the influence of 6, (a), 65 (b)
and 64-65 (¢) on M

For the remaining R joints, the analysis can be further
simplified by employing the rotation matrices, namely:

1 0 0
Ry = | 0cosbr, —sinb,
| 0 sin6 cos6y |
[cos B3 —sinbz 0]
R3z = | sinf3 cosf; O
. 0 0 1]
[ cos@s 0 sin6y ]
Ry = 0 1 0

| —sinf4 0 cos by |
[ cosfs 0 sinbs |
Rs = 0O 1 0
| —sinfs 0 cos b5 |
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In fact, by defining the forces in the GCS via the vectors
f; = [O 0 —mlg]T andf; = [O 0 —mgg]T, and by applying
the above rotations, the resulting force vectors in the local
coordinate systems become:

fi.cs; = R;Rgfl f.cs; = RgRgfz (34)
f1.cs, = RJRIR} f1 f.cs, = RIRIR}f, (35)
f.css = RIRTRTT, (36)

Then, being each of these vectors in the form fy cs, =

T .
[ finx.CSs finy.CS, fmz.cs,] withm € [1,2]andn € [3, 5],
the torques at joints R3, R4 and Rs5 can be found as follows:

M3 = fiy.cs31/ V3m 2 + h3m,?
+ foy. 53y V3ma 2 + M3 my> (37)

My = fix,csyas + fox,csla (38)
Ms = fox cssas (39)
where

V3, = N4 m, oS 03 (40)
V3my = (ha + hsm,) cos 63 41)

Once the expressions of M;, i € [1, 5] are available, one may
choose to design an active balancing system consisting of five
actuators. However, from a rapid overview of the proposed
static model, it can be noted that the decoupling mechanisms
have introduced two important simplifications, namely:

— A contribute M which is function of the only angle 6;
(see Eq. 20) and can be balanced via a simple passive
element;

— A straightforward procedure for the synthesis of the pas-
sive springs (see Sect. 3), to be placed at joints R, R4
and Rs.

Building upon these considerations, in this paper three NZFL
springs are included in the mechanical design of the exoskele-
ton. Their stiffness constants are defined as follows:

l1(my +ma)g

k= (42)
fy = _4mi8 +lamog (43)
ks — asmog (44

bscs | 1 — dos
( ,/b§+c§

@ Springer

where, by, by, bs, c1, c4, c5 are the installation distances, as
visible in Fig. 7, whereas dyi, dos, dos are the initial free
lengths of the springs. A part from M7, which falls into the
planar case study analyzed in Sect. 3.2, in the specific case
of M4 and M5 a complete balancing cannot be achieved via
the only use of passive springs due to the spatial motions of
the second decoupling mechanism (arm and forearm) and,
therefore, the motors are still necessary. The torques provided
by the springs are:

B k1b1C1 COS 91 (d1 — d01)

My, (45)
d
My, = kabscq cos 04(ds — dos) (46)
dy
ksb O5(ds — d
My, = sbscs COSd:( 5 — dos) 7

where, d1, d4, ds are to be evaluated with the cosine theorem.
Therefore, the resulting torques after spring balancing are:

My = M — M, (48)
My = My — My, (49)
Msp = M5 — M, (50

4.3 Numerical validation

To validate the previous analysis, a 3D solid model of the
exoskeleton has been tested in RecurDyn environment by
imposing three overhead movements, shown in Fig. 11,
within the considered workspace. The model is analyzed
by enforcing a set of rotations (A6;, i € [0, 5], listed in
Table 3) and by measuring the resulting reaction torques at
each R joint (R;, i € [0, 5]). The effect of both ZFL and
NZFL springs is modeled through the RecurDyn spring ele-

Mov 1 (Eqs) e
Mov 2 (Egs) °
Mov 3 (Eqs)

Mov 1 (RecurDyn)
Mov 2 (RecurDyn)
Mov 3 (RecurDyn)

700

600 —
500 —
400 —

300 —

100 — 4 1] y,
0 . P

-100 — 600
400 200 500
0 -200 -400 600 400

Y [mm] X [mm]

Z [mm]

Fig. 11 3D animations of the tested operator’s movements
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Table 3 Rotations applied in the simulations

A0Gy A0y AO, AO3 A0Oy Abs
Mov 1 -5° —10° —-20° —40° —-20° —10°
Mov 2 10° —10° —15° 35° -30° —25°
Mov 3 0° —15° —5° 15° —45° —100°

ments. The considered parameters are by = 0.5 /1, by = aa,
bs = as, c; = c4 = ¢5 = 30 mm, dp; = 20 mm, dpg = 50
mm and dyps = 35 mm, with /1, a4 and as as in Table 1. To
exclude the inertial loads, a total simulation time of 5 s is
imposed in the MBD simulations. The results of the three
analysis are reported in Figs. 12, 13, 14, 15 and 16. Overall,
the models show good agreement, being the medium error
between them lower than 0.2%. The main outcomes of this
test are as follows:

— The passive elements have a remarkable influence on the
computed behaviors, as it may be noticed by comparing
M-M, p, M4-My,, and Ms-Ms p, in Figs. 12, 15 and 16.
For the totality of the cases, the springs provided large
reductions of the reaction torques at joints R, R4 and

Rs.

— As expected, the ZFL springs ensure better performance
than the NZFL, i.e. almost null trends in many areas of the

3500
3000
2500

E 2000

2, 1500

= 1000

500

-500

plots. Even so, the parameters of the NZFL springs may
be further refined through an optimization process to pos-
sibly increase the balancing accuracy. The presence of an
efficient analytical model surely promotes this approach.

As for the motor selection, by taking into account the con-
tributes of the NZFL springs, the maximum reached torque
levels are 650 Nmm, 4500 Nmm, 1960 Nmm, 435 Nmm and
135 Nmm for M p, M2, M3, M4, and Ms ) respectively.
These values fall within the operative range of the FLA-series
by Harmonic Drive SE. In particular, the FLA-11A-50FB and
FLA-14A-100FB can satisfy the requirements at R4—R5 and
at Ro—Rj3 respectively.

The reported virtual prototypes represent an effective
interactive design tool for the evaluation of the design
variants since early design stages and, if properly inte-
grated within modern simulation environments, they allow
to quickly identify the best exoskeleton configuration. For
instance, by coding the reported analytical model in Matlab,
a single candidate can be solved in less than 1 s, promoting
the execution of parametric studies involving a large number
of candidates. In this way, the final exoskeleton design can
be reached, based on the specified motion and compensation
requirements, through optimization approaches.

Movement progress [%]

Movement progress [%]

(a) (b) (c)
3500 3500
3000 3000
M, Ees) 2500 M, Ees) 2500 M, (Eas)
4 M, (RecurDyn) s M, Recurbyn) 4 M, (RecurDyn)
M, , NZFL (Eqs) g 2000 M, , NZFL (Eqs) 1 "E 2000 M, , NZFL (Eqs)
o M, NZFL RecurDyn) £ o M, NZFL (RecuDyn) | E o M, NZFL (RecuDyn)
M, , ZFL (Eqs) = 1500 M, , ZFL (Eqs) =3 1500 M, , ZFL (Egs)
X M, ZFL (RecurDyn) S 10001 | ¥ My, ZFL Recudym) 1 s 1000 « M, ZFL (RecurDyn)
oo 500 4= P T
0 0
-500 -500
20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
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Fig. 12 Registered reaction torques at Ry during the first (a), second (b) and third (¢) imposed movements
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Fig. 13 Registered reaction torque at R, during the first (a), second (b) and third (¢) imposed movements
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Fig. 14 Registered reaction torque at R3 during the first (a), second (b) and third (c¢) imposed movements
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Fig. 15 Registered reaction torques at R4 during the first (a), second (b) and third (¢) imposed movements
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Fig. 16 Registered reaction torques at Rs during the first (a), second (b) and third (¢) imposed movements

5 Conclusions types and industrial-oriented prototypes. The former present
higher motion capabilities, whereas the latter rely on a com-
In this paper, the conceptual design and the virtual proto-  pact and wearable structure. The proposed solution has been

typing of an upper limb exoskeleton for assisted operations  conceived with the aim of combining these important fea-
in industrial and healthcare environments is reported. This  tures. The mechanism consists of a 6 DoFs serial chain
research has been motivated by the need to provide a sim-  with two decoupling parallelograms, and provides the gravity
ple, low cost, portable device that may be worn to prevent  balancing of the human upper limbs through the combined
muscle pains during repetitive tasks or to facilitate medical ~ action of four electric motors and three NZFL springs. After a
treatments. In the last decades, a number of exoskeletons  detailed description of the design methods, the paper focused
have been released, generally divided into research proto-  on the kinematic and static analysis of the exoskeleton. An
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analytical model has been developed and then validated
via a commercial MBD package. Three different overhead
movements were simulated and the achieved results allowed
for a proper motor selection. The interactive simulations
of the exoskeleton showed that while the use of analytical
approaches may be preferable to manage a large number of
design parameters, the detailed animations made available by
the MBD tool interface allow to visualize the exoskeleton’s
complex 3D motion and to correct possible errors without
screening large amounts of numerical data.

The presented models will be of primary importance for
future developments, e.g. for the controller rapid prototyping
and for the definition of event-based simulation environments
(virtual and augmented reality), which are valuable methods
to conduct ergonomic assessments and also to define training
sessions for industrial operators and patients.
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