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Abstract: There is a growing application of passive exoskeletons in the industrial sector with the
purpose to reduce the incidence of work-related musculoskeletal disorders (MSDs). Nowadays, while
many passive shoulder exoskeletons have been developed to support overhead tasks, they present
limitations in supporting tasks such as load lifting and carrying. Further developments are therefore
needed to have a wider application of these devices in the industrial sector. This paper presents
a modelling procedure of a passive non-rigid exoskeleton for shoulder support that can be used
to evaluate the device in its development phase. The modelling began with the definition of the
equations to describe the exoskeleton kinematics and dynamics to obtain the support force profile
provided by the device over the shoulder flexion angle. A musculoskeletal simulation software
was then used to evaluate the effect of the device on the human body. The computed support force
profile is in agreement with the purpose of the device, with the maximal support force obtained for
a shoulder flexion angle of 85–90°. The maximum support force value had the same magnitude as
the one reported by the device user manual (3.5 kg). In particular, for a determined exoskeleton
configuration, the maximum support force value computed was 34.3 N, equal to the reported by the
manufacturer. The subsequent musculoskeletal simulation showed the ability of the device to reduce
the muscular activation of agonist muscles such as the anterior deltoid (−36.01%) compared to the
case when the exoskeleton is not used. The musculoskeletal results showed a positive effect of the
device on the joint reaction forces at the glenohumeral joint with a reduction up to 41.91%. Overall
the methodology and the mathematical model proposed can be used to further develop these devices,
making them suitable for a wider range of tasks.

Keywords: upper-limb exoskeleton; AnyBody simulation; modelling; work-related musculoskeletal
disorder

1. Introduction

Exoskeletons as a growing technology are being applied to motor rehabilitation [1,2],
military applications [3] and to improve performance and safety in the work environ-
ment [4]. These devices work parallel with the human body to support or enhance its
capabilities [5]. Exoskeletons can use different types of actuation, being classified as passive
exoskeletons if they only use energy-storing systems such as springs and dampers, or active
exoskeletons if they use powered motors (e.g., electrical motors) [6]. Exoskeletons can be
designed to support the whole human body or just a part of it, such as the back, the upper
or lower limbs.

This paper will focus on a passive upper limb exoskeleton designed to support the
shoulders of factory workers. Passive exoskeletons are the most commonly applied in
working environments thanks to their lower price, weight, simplicity of use and higher reli-
ability compared to active devices [7]. Examples of passive exoskeletons include Skelex [8],
Mate [9] and AAU passive shoulder exoskeleton [10].

Exoskeletons are applied in work environments to reduce the risk of work-related
musculoskeletal disorders (wMSD) [11]. They act on factors that lead to MSD, particularly
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muscle activation. By reducing human muscle activity, exoskeleton can delay the insurgence
of muscle fatigue, one of the main factors that lead to MSD [12]. Different studies evaluated
exoskeletons during commonly performed work tasks such as overhead drilling or wiring
and plastering, finding a reduction in muscle activity for the most involved muscles:
Deltoids, Teres Major and Biceps Brachii [13–16]. In addition to muscle activity, studies on
the effectiveness of exoskeletons to assist during labour tasks have focused on ratings of
perceived exertion and metabolic cost [15–17]. Such studies demonstrated that using these
devices can be obtained a reduction in the exertion perceived locally and globally while
performing the tasks [15,17] and also a reduction of parameters related to the metabolic
cost of the task, such as heart rate and oxygen consumption [16,17].

One of the limitations of the passive exoskeletons currently available on the market
is the small variety of positions they can effectively support. Currently, these devices are
developed to support overhead work. Their application in more complex tasks, that require
working under the shoulders level, can present problems as the workers have to contrast
the exoskeleton force [18]. Further developments are therefore required to allow a wider
application of these devices in the industrial sector.

Musculoskeletal simulation software can be used to improve the design process of
exoskeletons. These software would allow a better understanding of the influences of the
passive exoskeletons on the human body and test solutions to better support different
movements and tasks. Previous studies used musculoskeletal simulation software such
as AnyBody Modeling System (AMS) (AnyBody Technology A/S, Aalborg, Denmark)
to evaluate different parameters of the human-exoskeletons interaction. Studies on the
exoskeletons’ influences on the trunk flexion angle [19] or on the supported body weight
percentage by lower limb exoskeleton [20] were performed as long as the modelling
validation of an active lower limb exoskeleton looking at the simulated ground reaction
forces and centre of pressure position [21]. Both passive and active upper limb devices were
also simulated. Changes in muscle activation and joint forces during overhead drilling
tasks were studied during the use of a passive device [22]. In [23] a validation of an active
exoskeleton device was performed with musculoskeletal simulations before its production.
Reference [24] presents a development process of an active exoskeleton device where
musculoskeletal simulations are used to find the optimal support torque and application
point of exoskeleton support force on the human arm.

Other modelling approaches were adopted to evaluate the human-exoskeleton inter-
action. In [25] a bond graph model was developed to study the dynamic of the human-
exoskeleton system. In [26] a dynamic model was developed to study the coupling between
the human body and a lower limb exoskeleton. The human-exoskeleton interaction was also
studied in [27] with a dynamic model for an upper limb device. In [27] the hybrid exoskele-
ton used was based on the same passive device used for our study, but an oversimplified
model was used.

The studies presented were relative to exoskeletons with a rigid structure. In this
paper, the device presents two non-rigid parts that have the critical purpose of supporting
force generation. This type of exoskeleton has the advantage of a better adaptation to the
human body shape. They may also be more compact and lighter due to fewer elements
than exoskeletons with a rigid structure. The research presented in this paper proposes a
methodology that can be used for the development or testing of non-rigid exoskeletons.
The first step of the paper is the definition of the equations that describe the kinematic and
dynamic behaviour of a commercially available non-rigid upper limb exoskeleton (Skelex
360, Rotterdam, The Netherlands) to compute the support force profile that it provides.
Subsequently, the exoskeleton model will be imported into AnyBody to evaluate its effect
on human muscle activation.
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2. Material and Method
2.1. Passive Exoskeleton

In this paper, we created a 2D mathematical model of a commercially available pas-
sive exoskeleton for shoulder support (Skelex 360, Skelex, Rotterdam, The Netherlands,
Figure 1). The main characteristic of this device is the non-rigid back structure used to
generate the support force. In particular, the exoskeleton presents two elastic elements
(stacked carbon fibre leaf springs) [8], one per side, that act like springs. The elastic elements
form with the relative cable and shoulder element a closed chain. The cable is hinged on the
shoulder element and at the bottom part of the relative elastic element. This closed-chain
configuration translates the elastic force of the elastic elements in the support force. The
exoskeleton can provide assistance from 0.5 to 3.5 kg [28]. The level of support provided
by the device can be changed by increasing or decreasing the distance between the cable
connection point on the shoulder element and the centre of rotation of the latter. In total,
there are four possible levels representing a minimum distance of 20 mm and a maximum
of 50 mm.

Figure 1. The Skelex 360 passive exoskeleton.

2.2. Exoskeleton Mathematical Model

In order to compute the exoskeleton support force-shoulder angle relation, we first
created a 2D mathematical model with MATLAB R2021b (The MathWorks, Inc., Natick,
MA, USA). The support forces are generated by the left and right exoskeleton’s flexible back
frames. Therefore, the first step was to model these two elastic elements as overhanging
beams to compute the exoskeleton bending. However, there were two relevant limitations
to account for: the non-linear axes of the beams and the large beam deflection during
assistance. Such limitations do not allow the direct application of the Euler–Bernoulli beam
theory. To overcome the issues related to the beam structures, we used the co-rotational
(CR) beam element formulation proposed in [29] to compute the bending of the elements.

Reference [29] proposed a different formulation of the CR method, of which a review
can be found in [30]. Briefly, the beam was discretized into a number of shorter elements
that undergo a relative deflection smaller than the beam one, allowing the application of
the standard Euler–Bernoulli theory to estimate the deformation of these shorter elements.
The first main change of the approach used in [29] consists of defining the element’s rigid
CR axis as tangent to the centroid curve of its first node instead of being used as connecting
lines of the end node. The second formulation change describes the coordinates of the
nodal element in their local reference system and not in a fixed global reference frame [29].
Our case presents some differences from the one proposed in [29]: the back frames have a
curved axis and an overhanging beam configuration, not a simple cantilever configuration.

Figure 2 illustrates the theoretical modelling.



Robotics 2022, 11, 147 4 of 14

Figure 2. Modeling of large deflection beam with i elements. (a) Undeformed and (b) deformed beam
shapes. In this work, we take i = 10.

We first divided the beam into ten elements where the first element was designed as a
simply supported beam; for simplicity with a straight axis. The remaining nine elements
were modelled as cantilever beams. We used straight elements also for the overhanging
part. The initial curvature was imported by adding an initial angle between the elements
(θiin ), Figure 2. These angles were obtained by calculating the derivative at a point of
the curvature equation whose polynomial coefficients were obtained with the MATLAB
polyval function. While dividing the exoskeleton back springs into elements, the presence
of the screws that connect the real springs to the rest of the device was considered. The
screws and washers’ presence limits the bending and deformation of the first 28 mm and
last 29 mm of the exoskeleton back frames. Therefore, when we created the model, the
simply supported beam element length did not include the first part constrained by the
screws. The overhanging part was also affected, with the last element, the 9th, 3 mm shorter
than the others. Below are reported the general equations of [29] modified to include the
initial angle between the beam elements. The force vector fi acting on the ith node can be
written as:

fi = R(θiin)

(
i−1

∏
k=3

k
k−1R(δθi + θiin)

)
R(δθ2 + θ2in) fext , i 6= 2 (1)

Here fext is the external force vector: forces acting on the top of the beam elements.
R
(
θiin
)

and R(δθi + θiin) are respectively the planar rotation matrices of the initial angle
(θiin) and of the deformed shape angle (δθi + θiin). The rotation angle of the deformed
shape in the second point is obtained with the standard load case formula:

δθ2 =
M2 · le1

3EI
(2)

The deflection angle depends on the length of the first element (le1), the Young’s
modulus (E), the second moment of inertia of the cross-section area (I) and torque acting
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on the second node (M2). M2 can be obtained by the vector product between the position
(r3) and the force ( f3) vector of the 3rd node expressed in the second frame plus torque
acting on the 3rd node m3z . The position vector of the endpoint rend of the top of the beam,
can be formulated as:

rend =

[
le1 + 28

0

]
+ RT(δθ2 + θ2in

)
·
(

i

∑
j=4

(
RT(θj)

i−1

∏
k=3

k
k−1RT(δθi + θiin)

)
{rj}+

+RT(θ3){r3}
) (3)

To relate spring force to the support force provided, the equations presented in [8]
were adapted to our device and used. These equations relate to the relative force generated
from the back frame bending Fs, the one generated by the connection cable on the shoulder
element Fc and the resulting support at the human arm Fa. To use them with our version of
the SkelEx device, we modified them to consider the different shoulder element shapes.
In [8], the link has an L-shape; in the case presented here, it has a V-shape with an angle of
140° between the two arms. The two equations are presented below:

Fc =
Fa · Ba

Bc · cos (ϕ1 − α)
(4)

Fs =

[
cos (α− 40) − sin (α− 40)
sin (α− 40) cos (α− 40)

]
·
[

0
Fa

]
+

[
Fc cos(ϕ1)
Fc sin(ϕ1)

]
(5)

with Ba and Bc being respectively the support force and the cable force arms with respect
to the centre of rotation of the shoulder. α is the angle between the line connecting the
centre of rotation of the shoulder and the connection point of the cable and the vertical
axis. ϕ1 is the angle between the cable and the horizontal axis. Equation (4) relates the
cable force to the support force. Equation (5) is the relation between the force generated
by the spring element and the other two forces. The last step was to combine these two
groups of equations with the shoulder position to find the relation between support force
and shoulder angle. To do so, a few other equations that express the geometrical relations
were added. Figure 3 shows the exoskeleton scheme used to identify these relations.

Figure 3. Scheme of gravity balance with Skelex 360 passive exoskeleton.
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Equation (6) expresses the position vector (Rc) of the shoulder rotation centre (Or) in
the global reference frame; the position vector of the top of the beam was rotated on the
first quadrant for simplicity.

Rc =

[
xRc

yRc

]
=

[
cos (π)

sin (π)

− sin (π)

cos (π)

]
rend +

[
R
(
∑ θ

)]
POrtb (6)

Here POrtb is the position of the shoulder rotation centre expressed in the coordinate
system relative to the top of the beam. The distance between the shoulder rotation cen-
tre and the cable attachment point at the bottom of the spring was then computed as
Equation (7), with xCpb and yCpb being the coordinates of the cable connection point on the
exoskeleton back expressed in the global reference system (Og).

Dcc =

√(
xRc − xCpb

)2
+
(

yRc − yCpb

)2
(7)

Then the angle between the cable and its force arm on the shoulder element was
obtained with the law of cosines:

a1 = cos−1 Lc
2 + Bc

2 − D2
cc

2 · Lc · Bc
(8)

The same law was used in Equation (9) to compute the other internal angle ϕ3 of the
triangle formed by the above lines and Dcc.

ϕ3 = cos−1 D2
cc + Lc

2 − Bc
2

2 · Lc · Dcc
(9)

In Equation (10) the angle between the x-axis and Dcc is computed:

ϕ2 = tan−1
yRc − yCpb

xRc − xCpb

(10)

The angle between the cable arm on the shoulder and the vertical axis, α, is found by

α = − 90 + a1 + ϕ2 + ϕ3 (11)

The system of equations created was then solved with the MATLAB numeric solver by
giving the value of α, for which the support force provided was calculated. Before running
the simulations, the elastic modulus of the back frames was evaluated. The exoskeleton
momentarily disconnected and a three-point bending test was performed using the electro-
mechanical testing machine for static testing (Zwick 100 KN, ZwickRoell GmbH & Co. KG,
Ulm, Germany).

2.3. Computed Exoskeleton Shape Evaluation

The exoskeleton computed deformed shape was compared with the original shape
recorded with a motion capture system (VCAM, Vicon Motion Systems Ltd., Oxford, UK).
To record the device shape and its change with the exoskeleton shoulder angle, 15 markers
were put along the central axis of the exoskeleton back beam and on reference points
on the shoulder-arm mechanism Figure 4. For evaluation, the difference between the
deflection calculated from the simulated data and that obtained from the recorded data was
computed (∆D) and then expressed as a percentage of the length of the beam (400 mm),
Equation (12). The deflection of the beam for a given shoulder angle was calculated as the
distance between the top beam position for the specific angular value and the top beam
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position for the most undeformed configuration of the exoskeleton, i.e., when the shoulder
flexion angle was 190° for Bc = 20 mm and 200° for Bc = 50 mm.

∆D% = (Simulated deflection− Recorded deflection)/Beam length · 100 (12)

The evaluation was performed for the maximum and minimum levels of support,
corresponding to a Bc value of 50 and 20 mm respectively. For comparison, the recorded
deformed exoskeleton shape over different shoulder angles was also computed from the
camera recordings with Biomechanical ToolKit (BTK) (v. 0.3dev.0) for MATLAB. The results
of the evaluation are presented in Section 3.2.

Figure 4. Marker position on the exoskeleton for shape evaluation. This flexible beam was discon-
nected from Skelex 360 for validation of the deflection model.

2.4. Musculoskeletal Modelling

The modelling of human performance using the exoskeleton was conducted using
dedicated software (Anybody 7,4. AnyBody Technology A/S, Aalborg, Denmark). Firstly,
a CAD model of the Skelex device was created with SolidWorks® 2020 (Dassault Systèmes
SOLIDWORKS Corporation, Waltham, MA, USA) and then translated into an AnyBody
compatible script file using the AnyExp4SOLIDWORKS® plugin (version 1.1.0, AnyBody
Technology A/S, Aalborg, Denmark). The human model used in these simulations was
the FullBody GRFPrediction one, present in the AnyBody Managed Model Repository
(AMMR.v2.4.1). Subsequently, the exoskeleton was connected to the human body model at
three points corresponding to the exoskeleton belt and the arm cuffs. The belt connection
point was placed on the human model sacrum frame. The connection was modelled as a
constraint that allowed rotation around the y-axis, with the rotational constraint around
the z-axis defined as soft. This was done to better reproduce the behaviour of the real
exoskeleton as the real belt is not a rigid body and allows rotations of the torso. The
connections between the human arms and the exoskeleton cuffs were modelled as revolute
joints around the humerus longitudinal axis. All the joint constraints, except the one relative
to the z-axis, were set as soft to allow small displacements to reproduce the soft human and
exoskeleton tissue behaviour. The FrictionContactMuscles class was used for the proper
transmission of the forces between the two parts of the model. As AnyBody is not able
to simulate non-rigid bodies, a revolute joint was introduced in the two exoskeleton back
spring elements to reproduce their bending and allow alignment of the shoulder joints.
The revolute joints were introduced 27.5 cm from the beginning of the spring elements.
The exoskeleton support torque was imported into the exoskeleton model shoulder. The
equation used to discretise the torque profile over the shoulder angle was computed with
the MATLAB Curve Fitting Toolbox™; with it, a five-term Gaussian equation was obtained
and imported in the AnyForce class used in Anybody to generate the exoskeleton shoulder
torque. The human model was driven by marker data collected previously with the VCAM
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motion capture system. The movement simulated was an overhead screwing task. The
model was also scaled to match the dimension of the subject of the recording used to drive
the model. The subject was wearing the device while performing the task. The final model
used for the simulations can be seen in Figure 5, which shows the overhead working posture
assumed by the subject while performing the task. An evaluation of the influences of the
exoskeleton on the human body model was then performed. The simulated activation of
the Anterior deltoid (AD) and the internal forces in the glenohumeral joint were evaluated
and compared in two conditions: with and without the presence of the exoskeleton, the
‘Free’ and ‘Exo’ conditions, respectively. The AD was chosen as it is one of the principal
agonists of shoulder flexion.

Figure 5. The human-exoskeleton model in AnyBody.

3. Results
3.1. Mathematical Model Results

The computed support force profiles are reported in Figure 6. The maximum support
force obtained is 40.8 N at a shoulder flexion angle of 85° for a Bc of 50 mm. The results
reported in Figure 6 are relative to a Ba length of 16 cm, the one used for the following
musculoskeletal simulations, which is the shortest distance allowed by the real exoskeleton.

Figure 6. Force shapes for different shoulder angles.

With a Ba length of 20 cm (the maximal allowed), a maximum force of 34.3 N was
obtained. The shapes of the support force profiles match the exoskeleton purpose of
supporting overhead work when the upper arm is at 90° from the standard anatomical
position. The maximum force is reached at shoulder flexion angles of 85–90°. The results
are plotted in relation to the shoulder angle. The starting angle is 20° because, in the real
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device, a mechanical element gets in contact with the cable when this value is reached,
decreasing the support provided.

3.2. Exoskeleton Shape Evaluation Results

Figure A1 shows the computed and recorded exoskeleton shapes for different values
of the shoulder flexion angles and for the maximum and minimum Bc values, i.e., 50
and 20 mm respectively. Figure 7 displays the difference between the computed and
recorded deflection as a percentage of the beam length for the two Bc values. The difference
remains in the range ±10% in both cases but with different trends. As Figure 7 reports,
the deflection computed is on average larger than the one obtained from the recordings
for the same shoulder angles with Bc = 50 mm. The difference increased accordingly with
the deflection of the beam, which corresponds to a shoulder flexion angle decrease. The
opposite happened for a Bc = 20 mm with a smaller deflection obtained from the simulated
data for the whole flexion range.

Figure 7. Deflection difference as a percentage of the beam length for two Bc length values.

3.3. Musculoskeletal Results

Figure 8 displays the computed trajectories of the two shoulder flexion angles. The two
shoulder trajectories have a mean difference of −0.02° (SD 0.07°) and a relative difference
of −5.0% (SD 38.01%).

Figure 8. Trajectories of the two shoulder flexion angles.

Figure 9 shows the anterior deltoid (AD) activity in the two conditions of the study, the
‘Free’ and ‘Exo’ conditions. The figure shows a reduction in the activation of this muscle
during the overhead task. A mean AD activity reduction of 36.01% (SD 10.73%) when the
device was present.
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Figure 9. Anterior deltoid activity in two conditions: with (Exo) and without (Free) the exoskeleton.

The level of support used was the one provided relative to a Bc of 35 mm, the same
used by the subject of the recording. Another aspect evaluated is the influence of the
exoskeleton on the internal shoulder joint forces. Figure 10 shows the absolute value of the
shoulder reaction forces in the Glenohumeral joint for the three directions. By using the
exoskeleton, a reduction of 41.91% (SD 12.17%) in the Antero-Posterior force and 33.82%
(SD 12.25%) for the Distraction Force were obtained during the movement. The force on
the infero-superior direction was decreased as well in the initial part of the movement, but
it changed direction in the central part of the movement. By analysing its absolute value, a
reduction of 4.06% (SD 46.49%) was obtained.

(a) (b)

(c)

Figure 10. Glenohumeral internal forces in two conditions, with and without the exoskeleton.
(a) Infero-Superior force; (b) Distraction force; (c) Antero-Posterior force.

4. Discussion

In this paper, we developed a model of a non-rigid passive exoskeleton for shoulder
support. A mathematical model of the device was first created to evaluate the support force
profile over the shoulder angles. The computed profiles agreed with the purpose of the
exoskeleton to support arm positions of 90° from the standard anatomical position, as the
maximum force values were reached for angles between 85–90°. The simulated force value
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was also in agreement with the one reported by the producer of the device. In particular,
the maximum computed support force obtained with a Ba value of 200 mm was equal to
the maximum support setting balance reported by the user manual 34.33 N (3.5 kg) [28].
However, the mathematical model showed a limitation in the computation of the bending
of the exoskeleton back frames. The difference between the deformation computed from
the simulated and from the recorded data was rather large.

The modelling accuracy could be further improved with considerations in the mod-
elling approach. Firstly, we used a simplified 2D model, which led to differences between
the device’s modelled and real kinematics. The shoulder of the exoskeleton does not rotate
perfectly in the sagittal plane but has an internal-external inclination. In our model, the
rotation was on the plane, and that affected the distance between the two connection points
of the cable. We used in the model the cable length measured from the device. Therefore,
the model computed a bigger deformation to accomplish the higher distance between the
cable connection points. The translation from 3D to 2D might have introduced errors in
the evaluation of the position of the exoskeleton shoulder rotation centre with respect to
the top of the frame elements, as we expressed the position of the centre of rotation in a
reference system integral with the back top. The last error source was the one intrinsic to
the recordings of the exoskeleton bent position obtained with the motion capture system.
We compared the final position of the top of the exoskeleton back frame obtained from the
simulations with that of the recording; the measurement error of the latter adds up to the
final position error. Marker position errors in the registration cannot be eliminated but only
minimised during the calibration process. A 3D modelling should be considered to reduce
the position error and better evaluate the exoskeleton deformed shape. A different method
from the co-rotational elements, such as the finite element method (FEM), might be used to
compute the exoskeleton bending.

Regarding the musculoskeletal simulation, it is possible to see in Figure 8 an overlap
of the two curves of the trajectories, which implies kinematic coupling between the two
parts of the model. The musculoskeletal simulations showed a general reduction of the AD
activation during the performing of the task with the use of the exoskeleton. This result
is also in accordance with the findings of previous works [14,22], where a decrease of the
activation of this muscle is reported both during musculoskeletal simulations and real tests
involving other passive devices during the performing of similar tasks. However, future
works should confirm the results presented by directly comparing the muscle activation
obtained with the musculoskeletal simulations and real experiments on human subjects.

The evaluation of the effects of the exoskeleton on the joint reaction forces is probably
the most interesting aspect of musculoskeletal simulations. Relations between the joint
forces, repetitions and MSD are shown in previous studies [31]. A reduction of these forces
should be one of the main points taken into consideration while developing an exoskeleton,
as a reduction of them might lead lower probability of damaging the human tissues and
development of MSD.

5. Conclusions

The mathematical model developed in this study estimated assistive forces that are in
accordance with the forces reported by the manufacturer. With the use of musculoskeletal
simulations was possible the estimation of joint forces and muscle activities. The results
indicate that the exoskeleton can support the human body and reduce these parameters
while performing the task. Overall the methodology proposed allows the evaluation of
non-rigid exoskeletons in the Anybody ambient, bypassing the limit of the software. With
this methodology, it is possible to test different support force profiles developed with
mathematical models specifically for a particular task.

Some limitations of this work are noted. As mentioned, the mathematical model
should be improved to reproduce the exoskeleton deflection better. Future work should
consider a 3D model or another discretization method. The musculoskeletal model has
a limitation in the use of a singular revolute joint to reproduce the back bending. Using
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more than one would have brought a kinematic indeterminacy during the inverse dynamic
analysis without driving the other revolute joints. However, using only one revolute joint
would not be enough if motion capture data had been used to drive the device directly
due to the complex resultant kinematic during the exoskeleton bending. Improvement
of the human-exoskeleton model to overcome these limitations will be included in the
future work.
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Appendix A

(a) (b)

(c) (d)
Figure A1. (a) Recorded exoskeleton shape with Bc = 50 mm. (b) Computed exoskeleton shape with
Bc = 50 mm. (c) Recorded exoskeleton shape with Bc =20 mm. (d) Computed exoskeleton shape with
Bc = 20 mm.
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