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Abstract. Stroke is a common disease that affects countless people around the world, resulting in sequels in the upper
limbs. An upper limb robotic orthosis was developed at LabBio to help post stroke people’s rehabilitation. In this study
was aimed to theoretically and numerically validate its elbow module through kinematics and dynamics models. For
this was used Euler vectorial analysis and finite element method, with Mechanical® module of Ansys®, to ensure the
correct functioning of the device, effectiveness, structural integrity, and safety before testing on humans. To movement the
user’s forearm was estimated torque of 4.8 Nm, however the actuator output torque is greater than the estimated torque,
presenting a maximum of 12 Nm. Validating the module to clinical tests, the forearm rod has the maximum stress of 24.98
MPa and strain of 0.012%, with a safety factor of 3.8, and the arm structure has maximum stress of 49.72 MPa, and strain
of 0.082%, with a safety factor of 1.91, ensuring the safety and capacity of the elbow module in rehabilitation.

Keywords: robotic orthosis, elbow joint, theoretically validate, vectorial analysis, structural analysis
1. INTRODUCTION

The Stroke according to the World Health Organization (WHO) is a sudden interruption of blood flow to brain tissue,
due to ischemia or hemorrhage, resulting in the death of brain cells and, consequently, partial loss of neurological func-
tion (World Health Organization, 2012). According to the location, amplitude, and severity of the injury, stroke causes
a variety of motor, sensory and cognitive deficiencies (Langhorne et al., 2011). Stroke is the main cause of impaired
motor functions of the upper limb (O’Donnell ef al., 2016). Studies have shown that robotic rehabilitation leads to an
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improvement in motor function (Aradjo ef al., 2011). This is because treatment success is dependent on the intensity and
number of repetitions performed in rehabilitation, which are generally less than ideal, when performed manual form by
health professionals (Hayward and Brauer, 2015; Stewart et al., 2017), consisting of stimulation of brain plasticity through
the passive movement of the affected limb (Langhorne and Legg, 2003; Raffin and Hummel, 2018). The Laboratério de
Bioengenharia (LabBio) of the Universidade Federal de Minas Gerais (UFMG), have been developing this type of device,
a robotic orthosis for upper limbs to rehabilitate individuals who have suffered a stroke, which also was previously pre-
sented at COBEM 2019 (Rubio et al., 2019). Although, to the use of this device in individuals, it is necessary to validate
all the structures’ mechanism to ensure safety and effectiveness.

Many robotic orthoses developed have the disadvantage of high weight and volume, such as the prototype called
ARMIN-III, an exoskeleton that provides one actuated degree of freedom (DOF) for the elbow joint, and three DOF for
the shoulder (Brokaw et al., 2014) and the PNEU-WREX robotic device (Pneumatic Wilmington robotic exoskeleton),
capable of generating active force through pneumatic actuators (Reinkensmeyer et al., 2012). Another example is the
commercial robotic orthosis, called Myomo e100 (Page et al., 2013), which performs elbow flexion and extension, either
actively or passively, and unlike the others apparatus mentioned above, it is a portable orthosis. Although these devices
have been used in clinical trials, there exists a lack of theoretical and virtual validation of them before perform bench or
functional tests. The device used in this work only validated the hand module (Ribio et al., 2020), but its elbow module
requires a theoretical validation to allow your bench test and clinical trials.

In order to validate this kind of device are several techniques, one form is the numerical analysis and another is
using mathematical models of robotic manipulators. One of the validation techniques focuses on prior biomechanical
analysis through modeling with CAD (computer-aided design) and later analysis via FEM (Finite Element Method) on
the structural parts of the orthoses, this specific work uses generic algorithms for parametric modeling and creation of
3D models for being adapted in CAD and the Voronoi tessellations algorithm (Ricotta et al., 2020). Another validation
technique only analyzes the mechanical properties of the materials used in the manufacture of orthosis for the elbow
through simulation, the orthosis was subjected to torque and was analyzed through FEM, using SolidWorks (Koundal and
Banwait, 2019).

Because of all show, this work aimed a theoretical/virtual validation of the elbow module of an upper limb orthosis,
previously developed by the authors, using mathematical models and numerical analysis, in that the correct functioning of
the device, effectiveness, structural integrity, and safety for the user was guaranteed. It was expected that using numerical
analysis and mathematical models for the elbow module there will be a validation of its design, ensuring the safety of the
device during testing with humans and its correct functioning will be guaranteed without requiring more than one bench
test.

2. METHODOLOGY

As showed by Rubio et al. (2019), the apparatus analyzed owns two modules, hand modulus and elbow modulus. Due
to this, the validation of this device had two main steps, the artificial tendons validation, previously developed in Ribio
et al. (2020), and the elbow module validation. This work focuses on presenting how the elbow module was validated to
ensure the safety of the user during the clinical trials. In this section, we present the estimate necessary torque to rotate
the user’s member, the dynamic model of the actuators, the estimated torque of the elbow joint and the structural analysis
of the arm structure and the forearm rotation rod.

2.1 Estimated Torque To Rotate The User’s Arm

To ensure the safety of the device, the first step needed was the model development of the loads applied in the user’s
elbow. In that way, it was needed to known how the rehabilitation process could affect the member and the elbow
module structure. Post stroke individuals’ rehabilitation consists of functional exercise, which aims to promote cerebral
plasticity stimulation, i.e, promotes the reorganization and the regeneration of harmed cortical neurons (Langhorne and
Legg, 2003; Raffin and Hummel, 2018). During the elbow rehabilitation session, the individual performs intensive flexion
and extensions of the member. Analyzing this motion, it was observed that the necessary torque could be determined by
the torque to rotate the set of forearm, hand and hand module. In that way, a dynamic model was developed to show the
probable torque to move the elbow over time.

Given these movement dynamics to estimate the torque needed, only the mass of the set was considered as a force
against the elbow movement. To model this situation was used a lever arm model, with the entire weight of the set con-
centrated in its Center of Gravity (CG) twisting in relation to the center of the elbow articulation at a constant speed and,
consequently, angular acceleration was null. We assume the angular acceleration null, including the initial acceleration,
because the motor used (EC16® from Maxxon Motors™) uses a driver ESCON 50/4, which allow an acceleration ramp
configurable, and in the initial position the torque produced by the set weight was minimum, because the angle with the
lever arm and the weight vector was just of 10°.

The elbow joint maximum and minimum angular positions were considered as the necessary range to performed daily
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life activities. According to Neumann (2011), the maximum amplitude of the elbow joint is 5° to 145°, however, for the
common activities of daily life, the arch elbow movement is between 30° to 130°. Due to these features, it was defined
that the model amplitude movement was between 10° up to 120°, to avoid the maximum extension limits and allows
most of the daily activities performed by the user. To determine the elbow position over time was considered, a flexion or
extension time of 5 seconds. This time allows the user to perform this movement at a speed equivalent to approximately
11% of the maximum speed that a healthy joint promotes (Valevicius et al., 2019). The choice of this operational range
aims to ensure safety and not cause injuries to users. The positions were determined using a time step of 10~ seconds.

With these dynamics considerations presented and following the diagram shows in the Fig. 1, the Eq. (1) was used to
estimate the necessary torque over time to move the user’s elbow, where the I?, term was the distance between the center
of the elbow and the relative CG, P was the weight of the set, ) was the initial position of the elbow (/18 [rad]), w was
the constant velocity (117/90 [rad/s]) and At was the time analyzed.

Figure 1: Force diagram of the dynamic model.

T, = P.R,.sin (6y + w- At) (1)

In order to determine the weight of the set and your CG location, for the hand and the forearm anthropometric data
available in the literature were utilized, whilst for the elbow module the software SolidWorks® was utilized. The forearm
and hand mass and CG were determined according to Winter (2009) which says that the hand mass represents 0.6% of
the body mass, while the forearm represents 1.6% of the body mass. He also claims that the length of the hand is 10.8%
of the individual’s total height, while the forearm is 14.6% of the height and the CG location could be obtained through
the member length in relation to its proximal location, i.e., the part of the limb most close to the trunk. The hand CG was
located in 0.506 times its length and the forearm in 0.430 times its length. Using the MacLeod (2013) data was defined
that the average mass of the Brazilian worker was 86 kg and the average height 1.81 m. The last part of the set was the
hand module. The mass of the module was directly measured in the prototype, and its CG was determined using a virtual
model developed in SolidWorks®, considering its proximal extremity was located at 0.105 m from the elbow joint.

With the data of each part of this set, was determined your relative CG with the reference rotation center as the elbow
joint. The Tab. 1 shows the CG location of each component relative to the proximal point of the limb and relative with the
elbow joint. Using this, the CG of the set was located at 195.2 mm of the elbow joint, i.e, the lever arm R,. To find this
value, the Eq. 2 was solved using a Matlab® routine, where my,, m¢ and my,, were the mass of the hand, the forearm
and the hand module respectively, and xy,, x ¢ and zp,, were the location of the CG relative to the elbow joint center of
the hand, the forearm and the hand module respectively.

Table 1: Mass and CG location of the set: forearm, hand and hand module.

CG Relative to
Part set Mass Length Proximal Point | Elbow Joint Center
Forearm | 1.376 kg | 0.264 m 0.114 m 0.114 m
Hand | 0.516 kg | 0.196 m 0.099 m 0.363 m
Hand module | 0.618 kg - 0.131m 0.237 m

Mmp - Th +Myf - Tf+ Mpm * Thim

R =
9 mp +myf + Mpm

2

2.2 Actuator Dynamic Model

The elbow module actuator consisted of a four bar mechanism, which owned three rotation joins (A, C and D joints)
one helical joint (B joint), which is the nut of motor and transmission system set. As shows in the Fig. 2a the link 1 is the
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rod what is coupled the motor and the power screw of the transmission system, the link 2 was the nut (B joint) and in its
down right extremity is coupled the rotation joint C, the link 4 is the lever arm which is couple with the forearm rod and
rotate the user’s arm. Finally, the link 1 is the arm structure, where the joint A and D is coupled. More details about the
dimensions and statics characteristics were shown in the authors’ previous work (Rubio ez al., 2019). In the Fig. 2a, F,,
was the input force provided by the motor and transmission system, also previously calculated in the Rubio et al. (2019)
work. That mechanism configuration was the basis of the forwards analysis.
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) iy Rod //
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Figure 2: Model mechanical (a) and vectorial (b) diagram.

Following Euler’s identity, a vectorial analysis of the mechanism was performed, using the vectors showed in the
Fig 2b. The angle 4 was the position reference of the analysis, since this represents the joint was located centrally with
the user’s elbow. How could be observed in Fig 2a the angle 6, was lagged in 10° with the forearm rod, which staid
coupled with the individual’s forearm. Due to this the angle 64 varied with same speed of forearm presented in the last
section but with the start position of 87 /9 [rad] contrary to the 7/18 [rad] used in the estimated torque equation (Eq. 1).
The time step utilized and the maximum and minimum positions of the forearm rod was also the same as those used in
the torque estimation.

The dynamic model was developed to determine the actuator temporal output torque. Firstly was determined the
positions of the joints A (62), B (b), D (64) as shown in the Eq. 3. As presented in Fig 2b, a was the link 2 length (121.96
mm), b was the helical joint variable length, which was co-linear with a, ¢ was the link 4 lever arm length (65 mm) and d
was the distance between the rotating joints A and D (181 mm). In order to find out the speeds of the joint A (w2) and B
(b), Eq.4 was used. The joint D speed (w4) was constant, with the value of 11. /9 [rad/s]. The accelerations of the joints
A (02) and B (b) were determined using the Eq. 5.

a+b 2_c%44d?
Hz(t) = arccos {7( 'g.g()()wb(t)';

=/2.c.d.cos(04(t)) + 2+ d% —a 3)
94() S — LT At

a+b(t) 4)

Wo (t _ c.wy.cos(02(t)—04(t))
b(t) = c.wy.sin(Ba(t) — 04(t))

atb(D) @)

{ as(t) = c.(wa(t))2.sin (B2 (t)— 04 () —2.b(t).wa (t)
b(t) = (a -+ b(t)). (wa(t))? — c. (wa(t))? cos(Ba(t) — ba(t))

With the kinematic of each link proper determined, the dynamics of the actuator system was to find out. Using the
free body diagrams presented in Fig. 3 was performed the sum of forces relative of the CG in each link. In Fig. 3a was
shown the force between the links 1 and 2 (F}5), the force applied by the motor (F,,,) and its perpendicular component
(F»3,) and the distance of the CG of the link 2 to the joint A (R;2), and to the joint B (R32). Besides, the Fig. 3b shows
the force between the links 3 and 4 (F34) and the distance between the CG of the link 3 and the joint C (R43). At last, the
Fig. 3c demonstrates the interface force in the links 4 and 1 (F14), the output torque (7,) and the distance of the CG of
the link 4 until the joints C (R34) and D (R14). The distances between the joints and the CG of the links and its moments
of inertia were measures using virtual models in SolidWorks®as show in Tab 2.

To better comprehension of the forces in the system, the acceleration of each actuator part was derived in two Cartesian
vectors centered in the CG and parallel if the global coordinates’ system. The Eq. 6 show the new acceleration components
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Table 2: Inertial properties of the elbow module actuator mechanism links.

Link | Mass [g] | Moment of inertia[%] CG Position [mm]
m X y
21 16072 0.65 95.17 0
3| 924 5.70.10~* 1311 0
4| 10147 0.77 9.84 | 14159
rY
/[ X' .
y/,L" 3[’
;___:;, - L >
Fz.n \\\})

(a) (©)

Figure 3: Free body diagrams of link 2 (a), 3 (b) and 4 (¢).

to each link.

Aga, (1) = —Ria. (aa(t).sin(0(t))) + (wa(t))?). cos(Bs(t)))
AGQy (t) = R12. (QQ(t). COS(@Q(t)) — ((WQ t )2) sin 92@)))
Ags (t) = (@ b(t) = Raz). (a2(t).sin(0; t)) + ((wa(t))?). cos(02(t)))—

3 —2.b(t). wa(t). sin(B2(t)) + b(t). cos(Ba(t))] ©
Ags (1) = [(a + b(t) — Ras). (az(t). cos(02(t)) — (w2(t)?). sin(6a(t)))+

AT 0 b(8). wa(t). cos(Ba(t)) + B(t). sin(0s(1))]

AG4:L. (t) = —R14 ( ) COS(94< ) — 168. 930)
Ag4y (t) = —R14. (wZ) sin(04(t) — 168.930)

Finalized the coordinate change of the accelerations, was utilized the Eq. 7 to find out the actuator dynamic forces and
its output torque to compare with the estimated torque determined. The I> and I3 variables were the inertia module of
links 2 and 3 respectively. A Matlab® routine was used to solve the system of equations.

Fio, — Fazt, = ma. Aga, (t P, + Fm. co eg(t))
Flgy — Fggty = ms. AGQy (t + Fm. bln(eg(

) — 5
) )
— F34z = ms. Aggr (tg P3 + F'm. CO;)(eg(t))

b3y,

Fast, — F34, = m3. Ags, (t) + Fm.sin(62(¢

Fay, + Fiy, = my. Aga, (t) — P4

Fay, + Fi4, = my. Aga, (1) (7

—F34,. R34, + F34,. R34, — F14,. R4, + F14,. R14, + T, =0

F23tz . COS(92 (t)) + Fggty . sin(92 (t)) =0
[—Fia,. Ri2, + F1a,. R12,+
+Fo3, - (R32, — Raz,) + Faze, - (Raz, — R32,)+ = (Ig2 + Ig3)aa(t)
+F34,. Ryz, — F34,. Ry, ]

2.3 Structural Analysis

After the dynamics analysis, a structural analysis was performed in the two major components of the system, the
forearm rod and the arm structure, both made with aluminum alloy 1100 H14 with yield strength of 95 MPa and elongation
of 5% (METALTHAGA, 2019). To this validation, a finite elements analysis was done with the Mechanical® module
of Ansys®. The two studies followed these steps: virtual modeling, mesh independence test, boundary conditions and
post-processing of the results. All parts studied were firstly model in SolidWorks® and after exported to Ansys®. In the
realization of the mesh independence test, was performed using three meshes, which in each simulation the number of
nodes was duplicated. The boundary conditions of the both study were the critical load condition found with the Eq. 7.The
simulations coordinate system was the same shown in the Fig. 3c. The material utilized was the aluminum 1100 H14.
The simulations were performed in a computer using Microsoft Windows 10® operational system with 16 Gb of RAM
memory and processor Intel® Core™ i7-4790.



G.P. Rubio, FM.R.M. Ferreira, R.M.A. Dutra, A.M. Mata, J.P.F. Bonfim and C.B.S. Vimieiro
Elbow Module Validation of a Robotic Orthosis for Stroke Rehabilitation

To the forearm rod simulation, the load critical point was when the output torque value was 11.99 Nm. In that point,
the interface forces between links 1 and 4 (F'4) and links 3 and 4 (F54) were 186.49 N and 185.55 N, respectively. At the
joint D location a cylindrical support, not presenting radial movement resistance, was defined. All the boundary conditions
were shown in the Fig. 4. In order to validate the mesh was used a probe point defined in a chose face as shown in Fig. 4.
That probe was defined to assess the maximum von Mises stress. To ensure that the mesh did not interfere in the results,
the stress variation in the probe could not vary more than 5% among each mesh.

Figure 4: Mesh and boundary conditions of the forearm rod simulation.

The arm structure as a set of plates fixed by bolts, which to simplify the simulations, was omitted. The right side in
the Fig. 5 was the link 1 of the mechanism actuator, what responsible to support the actuator loads. The load critic point
was the maximum forces between links 1 and 4 (F14), which was 186.55 N. By consequence in the load critic point,
the interface force in the links 1 and 2 (F}2) which were 183.89 N. Besides, during the elbow flexion the post stroke
user presents abnormal synergistic patterns, i.e, when tried the elbow flexion results in shoulder abduction and forearm
pronation (Raghavan, 2015). This characteristic leads to a structural torsion of the arm structure. Although the magnitude
of that force was unknown, but to predict the structural response to that a binary of forces, with 20 N in magnitude, was
applied in the fastening of the joint D, and in its symmetry bolt. Only one support was used, and it was a fixed support
applied in the center plate of the structure. All the boundary conditions as shown in the Fig. 5. In its mesh independence
test was used a probe point defined in a chose face as shown in Fig. 5. That probe was also defined to assess the maximum
von Mises stress. The mesh validation occurred when the stress variation in the probe did not vary more than 5% among
each mesh.

Figure 5: Mesh and boundary conditions of the arm structure simulation.

3. RESULTS

With the estimated torque to rotate the user’s forearm using the Eq. 1 and the output dynamic torque calculated by the
system of Eq. 7 was possible to compare the two plot as show in Fig 6. As could be seen, the output torque was bigger
than the estimated all the time, presenting a maximum value of 12 Nm over a maximum estimated of 4.8 Nm. The higher
torque is essentials to ensure the performance of the movement, but, in the way to do not harm the user, with the excessive
torque, an electronic safety control was added. With this analysis, the mechanism was validated and could be used in
clinical trials.

The device’ structural safety was validated through the structural simulations performed. The Tab. 3 shows the mesh
independence test. As could be observed, there was almost no variation in the stress measured in the probe point, validating
the meshes utilized. The mesh 3 was chosen to the final simulations because of that was solved rapidly, and this component
did not have a complex geometry.

Table 3: Mesh independence test to forearm rod simulation.

Mesh Maximum von Mises stress | Number of | Percentage
[MPa] Nodes Change
1 6.91 41,105 0%
6.93 81,240 0.30%
3 6.94 167,620 0.15%
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Figure 6: Comparison between the required tor;(iﬁe and the torque provided by the actuator.

After the mesh was selected the simulation was solved and the response of the applied loads was presented in Fig. 7.
The maximum stress found out was 24.98 MPa located in the joint D hole. The strain present in this point was 0.012%.
Due to the low loads calculates, comparing with the material yield strength (95 MPa), with the safety factor of 3.8, the
simulation demonstrated the safety of the actuator, ensure that the use in clinical trials do not harm the user.

(a)

(b)

e =3

Figure 7: Von Mises stress (a) and strain(b) of the forearm rod.

The simulation results of the arm structure mesh independence test were shown in the Tab. 4. The meshes tested
present low variation in the probe point stress value, that confirmed the quality of the mesh. Because of the low variation
and the huge number of nodes presents in that simulation, mesh 2 was chosen due to its solve time and its accuracy.

Table 4: Mesh independence test to arm structure simulation.

Mesh Maximum von Mises stress | Number of | Percentage
[MPa] Nodes Change
1 11.96 135,684 0%
11.98 248,875 0.17%
3 12.14 503,801 1.34%

At last, the structural evaluation of the arm structure was performed and presented in Fig. 8. As shown, the maximum
stress was 49.72 MPa and the maximum strain 0.082%, with a safety factor of 1.91. These values were located in the
fastening holes present in the central plate. The left plate almost did not present loads. The low values of stress and strain
show this component also safe to use in individuals. This presenting study validates the safety and capacity of the elbow
module in rehabilitation users, then enable the next steps, which is to perform the clinical trials.

4. DISCUSSION

Several studies have been measured the active force done by an arm against a rigid surface. Van Harlinger et al.
(2015) measured the strength of men and women in a large age range (between 20-64 years old) and found a mean value
of 26.4 kg for men and 15.4 kg for women. However, there is a gap when the subject is the external force to passively
perform flexion or extend the elbow. In other words, there is no literature about the needed force to passively flexion or
extend the elbow through an external input performed by equipment measured experimentally. It would be a future work,
in order to validate the anthropometric calculus made in this study.
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Figure 8: Von Mises stress (a) and strain(b) of the arm structure.

The position analysis of the elbow module in this study was made through Euler’s Identity vector analysis. Another
common approach to solve this issue is the Jacobian matrices as is shown by Mohammadi et al. (2016); Rahman et al.
(2012). However, using Jacobian matrices can occur robot singularities. It means that the robot has redundant axes, and it
results in intolerable torques or forces on the links, loss of stiffness or compliance, and breakdown of control algorithms.
The analysis of kinematic singularities is, therefore, an essential step when this approach is used. Nevertheless, Chen
et al. (2019) proposed a different approach through the POE (product of exponential) formula. The new gravity center
(arm wearing the exoskeleton) is not calculated, but it is considered a new coordinate that represents the deviation of the
motion center caused by the exoskeleton. The results found by him were similar to the others, validating the approach.
Thus, Euler’s Identity vector analysis is a powerful methodology once it avoids the problems that can be seen in the
literature.

The study was developed considering the movement in two dimensions. It was possible because of the splints which
guide the forearm movement. One of the main sequels of the stroke is spasticity, and individuals who have suffered a
stroke can develop it. The stress caused by the spasticity was simulated through the binary of forces. Therefore, the
splints used in the structure do not allow the unusual movement (wrist and finger flexion) caused by the predominance
of hypertonia in the antigravity muscles, that is, the flexors. In a second analysis, a three-dimension analysis of motion
would be done like proposed by Mendoza-Vazquez et al. (2007). It is relatively easy to compute, because the left part of
the Euler Lagrange formulation was computed as if the orthesis were a one link three degree of freedom pendulum, in
theory one of the easiest three-dimensional objects to model.

The structure of the elbow was mainly made of Aluminum 1100 H14. Thus, starting with a fixed material and es-
timating the maximum torque by anthropometric and vectorial methodology, the module was subjected to a structural
analysis at ANSYS software, whose results show no irregularities. Nevertheless, Koundal and Banwait (2019) studied
the mechanical behavior of several materials using the same software. They considered 20 Nm as torque (higher than the
12 Nm anthropometric estimates) and found the plastic ABS as the best material for this purpose. Therefore, the same
methodology involving structural analysis should be applied in several materials. Thus, another material, even lighter than
Aluminum, should be used in the elbow structure of the orthosis, which possibilities a new study in material optimization.

In previous studies, it was detected involuntary forearm pronation caused by synergy and spasticity, a stroke se-
quel (Ferreira et al., 2020). There is no literature that calculates the maximum torque caused by this involuntary pronation,
which evidenced the need of studies of these loads in order to use this in the structural optimization of these apparatus,
because this effort was essential to be considered in the structural analysis. Due to this, in this study binary of forces on
the structure of the elbow module, as shown in Fig. 5, was used to simulate the involuntary pronation torque, and know if
the structure supported the efforts caused by this torsion.

Finally, according to this study, the elbow module validation is extremely necessary to help the development of robotic
orthoses which are providing an improvement in post stroke rehabilitation. The structure weight and gravity center
position need to approximate the real arm to not demand an uncommon effort by the mechanism. In addition, the splints
limit the movement in two dimensions, avoiding the actuation of the spasticity. The structural analysis is crucial to evaluate
the module’s mechanical properties and conclude if the material supports the efforts it will be submitted. Ensuring the
device would be able to perform the movements and the angles, it was needed a dynamic analysis. Through it can be
calculated the maximum torque of the elbow module.

5. CONCLUSION

Through this study, it is evident the need for validation in robotic orthosis modules. The maximum torque generated
was 12 Nm, greater than the estimated flexion of the elbow, which was approximately 4.8 Nm. In addition, the mechanism
which uses a bars guided system with force and velocity input by a power screw performs the movements in a satisfactory
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way. The structural analysis is important to assure the material will resist the soliciting efforts caused by the module
operation. Once the material yield stress is 95 MPa and considering the forearm pronation estimated in 20 N, the maximum
von Mises stress found was about 50 MPa. It validates the Aluminum 1100 H14 used, and the simulations are able to
validate the critical components of the elbow module. Therefore, it is possible to improve the coupling between the
module spindle and the engine. Lastly, the elbow module can be used in rehabilitation protocols to confirm the developed
device’s ability in rehabilitating post stroke individuals.
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