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Abstract: Many exoskeletons in scientific communications and patents only reach a technology
readiness level corresponding to an experimental physical model (EPM) or a low-fidelity prototype.
While only operational in a laboratory environment, the increasing technology readiness level (TRL)
in exoskeletons is not widely studied. This work presents a study to reach this aim based on a new
methodology that includes two phases, eleven steps, and four case studies from EPM (TRL3) of
ERMIS up to TRL 5 of ERMIS. The results of this article show the increase in TRL based on the
analysis of the operational parameters of the ERMIS exoskeleton. The validation of the passive
rehabilitation movements was made by characterizing the points of their trajectories assisted by an
anthropomorphic mechanism used to measure the end-effector position of ERMIS by means of the
acquisition of data, obtaining an error of 20 mm. In conclusion, the real performance parameters are
detailed, explaining their causes according to the behavior of the exoskeleton in a real environment
operating the four case studies. It presents the group of parameters that reach the TRL 5, which were
validated in Computer-Aided Design (CAD) software.

Keywords: exoskeleton; design; upper limb rehabilitation; TRL (technology readiness level)

1. Introduction

According to the World Health Organization (WHO), 15% of the world’s population
have some type of disability, representing more than one billion people. Of these one
billion, almost 200 million have significant difficulties in functioning [1].

Current disability rates are increasing, and demanding access to health rehabilitation
programs will be a significant concern in the years to come. Data from the National Institute
of Statistics and Geography of Mexico show that approximately 7.1 million people have a
disability and, of these, 33% have a disability in the upper limbs [2].

The essential type of rehabilitation that restores mobility and movement efficiency is a
therapy based on the movement and exercise called kinesitherapy [3]. If the therapeutic
movement is carried out without any collaboration from the patient, it is called passive
rehabilitation [4].

This requires an intense involvement of qualified therapists for the treatment, who con-
duct the whole process and perform the appropriate exercises with the patient [5]. This pro-
cess is very exhausting and time-consuming for the therapist, and so the therapies are not
intensive and long-lasting [6].

The increasing number of people with functional disabilities and the importance of
having good rehabilitation has led to the research, development, and introduction of robots
that can contribute significantly to improving the results of these programs [7].
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The aim of these robots is the application of technology to the development of devices
that assist and enhance rehabilitation therapies for people with disabilities [8]. It is shown
that robotic therapy contributes to the recovery of motor skills of the affected limb [9],
but the obtained functional results can be improved [8].

Robotic devices can be used by clinical staff or by patients according to medical
treatment determined by the specialist so that the physical interface allows a direct transfer
of mechanical energy and the exchange of information [10]. These devices are designed
to match the shape and function of the human body. The links and joints correspond to
the limbs of the human body; the exoskeleton is coupled externally to the person [11].
This device considers the obstacles to optimal functioning and creates designing solutions
for the user to interact successfully in their environment [12].

One of the main qualities of robotic rehabilitation systems is that they can provide the
desired number of therapy repetitions without decreasing the therapy’s quality, which is
very useful for users [13]. One of these devices is an exoskeleton, which is a robotic
system that adheres externally to the human body to perform specific functions; their main
characteristic is their high dependency on the movements of the joints and extremities
of the human body. A person uses these systems in such a way that the structure of the
exoskeleton leads to the direct transfer of mechanical energy [9,14].

These projects are considered as assistive and rehabilitative devices for the disabled or
elderly. As a portable device, it must have several aesthetic and functional characteristics.
Aesthetics is directly related to the size, weight/inertia, comfort of wearing, extensive
range of motion, complexity, and appearance of the exoskeleton [15]. The functionality is
related to generating the required torque and velocity while maintaining the robustness
of operation.

The main problems encountered when developing an exoskeleton for rehabilitation are
determining the movement tasks to be performed and defining the appropriate mechanical
design for the movement tasks performed by the patient since their prescription and
mechanical input constrain the mechanical design and control [16]. The optimal safety and
performance of a rehabilitation device require a design methodology in which everyone
involved in the device design contributes to [17].

1.1. Exoskeleton for Passive Upper Limb Rehabilitation “ERMIS”

For the rehabilitation process of a physical disability of the upper limb, an EPM of
7 degrees of freedom (DOF) was developed. This passive rehabilitation exoskeleton of the
upper limb received the name “ERMIS”, whose name comes from the Spanish name of
“Exoesqueleto de Rehabilitación de Miembro Superior” [18].

ERMIS development focuses on passive rehabilitation and faces specific challenges
due to the patient’s conditions, ensuring that the position of the arms is maintained and
that the arms are within the ranges of each exercise, as well as exerting pull and push at
the appropriate locations where therapists apply force during the exercises [18].

In Figure 1, we can observe the CAD model of the proposed exoskeleton assembly,
as well as the ERMIS built and validated in a laboratory environment.

The ERMIS exoskeleton as a rehabilitation tool presents an original configuration
based on the requirements and limitations of four study cases of passive rehabilitation of
the upper limb that can generate functional ranges of movement which allow the patient
to regain autonomy [19]. ERMIS is at a TRL 3 stage, which indicates that its operating
principle is validated in a laboratory environment. The ranges of motion for each of the
degrees of freedom are shown in Table 1.

1.2. Increasing the Technological Readiness of Medical Devices

Product development consists of different steps that allow a new product or family of
products to be brought to market. The process is implemented in different ways, and one
challenge is balancing aspects such as function, form, material, and process; therefore, it is
important to emphasize the methodology and tools to be used [20].
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Figure 1. (a) CAD model of the ERMIS exoskeleton and (b) EPM of the ERMIS.

Table 1. Ranges of motion of the ERMIS exoskeleton.

Movement Range of Motion (◦)

Shoulder adduction-abduction 0 to 164

Shoulder flexion–extension 0 to 173

Internal and external shoulder rotation −86 to 74

Elbow flexion–extension 0 to 140

Wrist flexion–extension −53 to 74

Radial cubital deviation −10 to 30

Pronation and supination −80 to −90

In the design process of a medical product, its purpose, fields of application, associated
risks, and user benefits must be clearly specified. The main objective of product develop-
ment is to demonstrate the knowledge available or obtained by the different aspects of the
project in prototypes, pilot plants, and models to validate their usefulness in satisfying a
need [21].

It is necessary to know the level of technological development, which is understood
as the application of research results, or any other type of scientific knowledge, for the
manufacture of new materials or products, in the design of new processes or production
systems, as well as in the provision of services [22].

TRLs are a type of measurement system used to assess the maturity level of a particular
technology. The technological maturity of the designs is carried out with the improvement
of the development phases of the devices; from the design concept, the experimental
physical model and, subsequently, the characteristics of the prototype in relation to the
maturity of the product proposed in the TRLs, are reached [23,24]. Each development is
evaluated according to the requirements of each technological level which is assigned a
TRL rating [22].

The TRLs were developed to explicitly define the different stages of technology
readiness (nine stages), promote common understandings, and facilitate handover among
stakeholders [25]. The TRL classification determines how far a particular technology is
from being implemented by the industry or the public. This, in turn, determines the
number of resources (time, funds, intellectual potential, facilities, etc.) needed to bring
such a technology to life [20].

This paper presents the use of a concurrent methodology for the analysis of the
actual positions of ERMIS and its refinement to reach the prototype specifications of
the ERMIS exoskeleton. we identified an experimental physical model with a validated
operating principle, and the prototype as a device validated in a laboratory environment
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with a permissible performance and minimal changes required in materials and parameters.
The methodology seeks to accelerate the transition between the concepts of an experimental
physical model and prototype and clarifies the phases in the development of the ERMIS
exoskeleton such as engineering, research, development, and innovation.

The methodology will serve for the future analysis and development of rehabilitation
robotics. The design analysis path could be diversified, but not the considerations involved
in the methodology.

This article is organized as follows: Section 2 provides a detailed description of the
methodology. In Section 3, the case study methodology is applied for the analysis of points
on the ERMIS exoskeleton trajectories. Section 4 presents and discusses the results obtained
from the behavior of the ERMIS exoskeleton, finally concluding with the current technical
specifications and proposing solutions for increasing the technological maturity of the
system.

2. Methodology

The ergonomic aspect, good mechanical strength of materials, and lower weight in the
development of exoskeletons are fundamental topics in the design; however, such aspects
should be reviewed in its experimental physical model stage [26].

There are many challenges during the development of an upper extremity exoskeleton.
From the mechanical point of view, the mobility of the mechanism is the most important
part to improve its effectiveness [27,28].

Product development must go beyond the traditional steps of acquiring and imple-
menting design technologies as a solution. It should focus on the needs of the end-user,
including these requirements in the product design [29]. In order to evaluate the mechanical
design of the ERMIS exoskeleton, a methodology was developed and implemented.

This methodology was divided into 2 phases. Phase 1 consisted of identifying the
design needs, and phase 2 involved the design of a virtual, mathematical, and prototype
model. It was composed of 11 steps distributed as shown in Figure 2. The description of
these phases and steps is described in the following paragraphs.
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2.1. Steps of the Methodology

Testbench: Testbench is a platform for the experimentation of large development
projects; this provides a rigorous, reliable, efficient, and repeatable form of testing [30]. It is
possible to verify the performance and service life of the components, and it allows for the
detection and elimination of weak points from the very beginning [31]. Each time a new
product is designed, it is necessary to verify that the actual performance meets the design
specifications. For this purpose, test benches are built to analyze these products. The data
derived from the test benches are conditioned, processed, dated, and recorded; using data
processing techniques, these data are reprocessed and interpreted [30].

Identification of actual operating parameters: Studies are conducted to establish the
product parameters representing the system attributes: they reflect important properties
or capabilities, possible system states, and critical dimensions [32]. This step looks for the
area of interest in which there is an opportunity for improvement. This makes it vitally
important to collect information such as identifying the operation; conducting a needs
analysis, which support us in the project strategy; basic assumptions, and limitations.

Determination of design parameters: These are detailed statements, which are gener-
ally quantitative, of the expected operating values, environmental conditions in which the
device must operate, space or weight limitations, or available materials and components
that may be used [33].

Case studies: For this methodology, it is understood that the study case is a practice
application considering the specific conditions of each problem. For the definition of the
problem, an analysis is performed to obtain the metrics according to our product and
the identification and establishment of interfaces. A list of tasks and requirements can be
obtained to perform the subsequent steps of the methodology.

Implementation of tasks: Once the tasks for the analysis are identified and defined,
they are implemented through a precise, descriptive, and routine process that is adapted
to the actual system conditions. This allows us to parameterize the requirements and
processes designed in the previous phase, working with real data to be validated by the
system. The proper implementation of tasks depends on the correct development of the
process, which in turn conditions the results. These tasks will be able to detect errors and
times, and characterize attributes and physical aspects that will shape the product from the
engineering point of view.

Conceptual design: Design step in which the following activities are carried out:
identification of needs and their expression; functional specification of the system; synthesis,
analysis, and evaluation; and, finally, conceptual design.

System grouping: From the CAD conceptual model, it is possible to identify the groups
that make up the system; it is important to ensure that these groups are independent in
their functions to be able to work on the detailed engineering at the same time seeking to
reduce development time. The deliverable of this step is a structural diagram that identifies
the assemblies, subassemblies, and component parts through an identification code.

Detailed engineering: This phase takes as a starting point the conceptual solutions
of the different subsystems or work packages and proceeds with the preliminary design
and basic engineering of the product and manufacturing process. Parameters, processes,
tolerances, and materials must be definitively established in order to generate mechanical
analyses, simulations, CAD prototypes, and virtual and rapid prototypes.

Unified architecture: The assemblies are integrated into a single CAD and migrated to
specific software for the analysis of the system, where different analyses can be performed
to learn its behavior. The objective of this migration is to generate the synthesis of the
mathematical model. The parts are replaced with their equivalents in materials and
technical design specifications that allow performance testing. The deliverable of this step
is the virtual prototype with a technical design file.

Emulation and simulation: Emulation is understood as the effect of performing tests
with the experimental physical model of the different tasks defined in the conceptual design.
The importance of an emulation system lies in being able to observe the behavior of the
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system to subsequently make decisions, making a comparison between the characteristics
of the system [34]. A simulation is a form of design validation with an important role
during research: targeting a product. With this, it is possible to generate the product and
perform the necessary iterations. Simulation is performed using the CAD model, where it
is possible to analyze the system according to the operating parameters [35]. The emulation
and simulation of the system are validated by comparing the correlation of its results,
taking the simulation results as ideal and the emulation results as real.

Prototype specifications: The prototype specifications are generated to allow the
corresponding assembly of the parts and the functional testing. In the methodology,
the steps establish the points where the analysis must be made and evaluated and the
points where it is necessary to provide feedback to improve the system.

2.2. Implementation of the Methodology

Test bench: The test bench that was selected for the experiment, to provide a reliable,
efficient, and repeatable way of testing the position of the ERMIS, is an anthropomorphic
mechanism [36]. This type of mechanism simulates the movements of an arm is fast and
has great accessibility and maneuverability, and is a small device considering the work
field it is used in.

The anthropomorphic 3 DOF mechanism for positioning rehabilitation devices is
a structure with three rotational joints (3DOF or RRR, rotational joints, see Figure 3).
The end-effector position is specified in angular coordinates or cartesian coordinates with a
transformation of the data.
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Figure 3. Anthropomorphic mechanism of 3 DOF for position detection.

The mechanism has a cardan joint as an end effector. This is a mechanical component
that allows the transmission of rotational movement between two non-collinear axes.
The purpose of the cardan joints is that the links of the rehabilitation device and the
anthropomorphic mechanism can rotate with regard to the bars. The rotation between the
non-parallel axes will be transmitted.

Mathematical model position: The representation of the position in the workspace of
the ERMIS, by means of the anthropomorphic mechanism, is obtained through mathemati-
cal expressions from a mathematical model. The success of the model lies in the accuracy
with which it can represent the object or phenomenon under study [37]. A mathematical
model capable of describing the direct kinematics of the system is developed; this model
is used for the location of points in the trajectories generated by the ERMIS movements.
Through the analysis of direct kinematics, a set of kinematic equations useful for calculating
the position of the end-effector of the anthropomorphic mechanism, using specific values
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of the angles between the links, is obtained. Figure 4 shows the orientation of the reference
frame for the anthropomorphic mechanism.
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The nomenclature used for homogeneous transformation matrices is as follows:
cθ1 = c1; cθ2−10◦ = c2; cθ3+10◦ = c3; sθ1 = s1; sθ2−10◦ = s2; sθ3+10◦ = s3. The Denavit-
Hartemberg parameters are shown in Table 2.

Table 2. Denavit-Hartemberg parameters.

Link θi [rad]. λi [m] li [m] αi [rad]

1 θ1 d1 0 pi/2

2 θ2 0 L2 0

3 θ3 0 L3 0

Equation (1) shows the homogeneous transformation matrix that takes us from the
origin to the end-effector of the anthropomorphic mechanism.

H = A1
0A2

1A3
2 =


c2c3c1−s3s2c1 −c1c2s3−c1s2c3 s1 a2c2c1+a3c2c3c1 − a3s3s2c1
c2c3s1 − s1s2s3 −c2s3s1 − c3s2s1 −c1 a2c2s1+a3c2c3s1 − a3s3s2s1

c2s3+c3s2 c2c3 − s2s3 0 d1+a2s2+a3c2s3+a3c3s2
0 0 0 1

 (1)

Identification of actual operating parameters: This is the step in the methodology in
which an analysis of the case studies is carried out. The case studies analyzed are those
corresponding to the trajectories programmed in ERMIS [18], which are the movements
used during a physical therapy session:

• Case study 1. Exclusive series of exercises per joint. They consist of performing one
or two anatomical movements to stimulate the affected regions in repetitions of 3 to
5 times.

• Case study 2. Exercise with an apparent load. These exercises emulate the lifting of an
object by a person planning to deposit it somewhere.

• Case study 3. Activation of muscle memory through trajectory tracking. A relatively
new rehabilitation technique is muscle memory [38].

• Case study 4. Emulation of shoulder wheel or rudder. The tiller is a mechanical device
that facilitates shoulder, arm, elbow, and wrist rehabilitation. It performs a movement
of the entire upper limb [33].

Table 3 shows the operating conditions of the system in which the analysis of the
position of the ERMIS exoskeleton is performed, showing the different movements and
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the applied loads. The readings are taken in different conditions; one without load and
another with three different loads, two loads that simulate the weight of the upper limb of
a person and the third load with a healthy person of 29 years of age and a weight of 70 kg.

Table 3. Movements for each operating condition.

Condition Without Load With Load

Instrument Physical environment Physical environment

2.2 kg 4.2 kg Healthy person

Movement

Case 1

Shoulder abduction-adduction
Shoulder flexion–extension

Case 3

Shoulder abduction–adduction

Shoulder flexion–extension

Arm flexion–extension

Internal and external shoulder rotation

Determination of design parameters: This is necessary to acquire values that represent
the operation, conditions, and limitations under which the ERMIS exoskeleton works.

• Data acquisition was performed for each of the operating conditions; for these condi-
tions, the movements that can be observed in Table 3 were considered. It was necessary
to characterize the passive rehabilitation exercises applied in therapy. There were
several methods to quantify the movements of human limbs [39]. The data were
acquired by using the anthropomorphic mechanism. It was important to note that this
technique evaluated the angular position of the joint at any point in space [38].

• Potentiometers were attached to the joints of the anthropomorphic mechanism;
these 5 KΩ potentiometers functioned as analog angular position sensors thanks
to their high linearity, with a 360◦ rotation; thus, the measurement was directly pro-
portional to the angle. The potentiometers allowed a voltage–degree relationship to
be established; their location was related to the axis of rotation for each joint.

• The data that were acquired simultaneously corresponded to the angular movements
of the ERMIS; the sampling times were variable for each case corresponding to the
duration of each movement. For the reading of the values the analog inputs in a range
from 0 to 10 volts of the USB 6009 were used with a data acquisition system National
Instrument® that allowed for measurements of the three channels simultaneously.
Thirty repetitions of each case study were performed in each experimental session,
recoding 1000 data per second.

• The data were processed in MATLAB®, where they were scaled and saved in files for
further analysis. The data analyzed were the output voltage readings derived from
the potentiometers. A filter was applied to the input data to separate the essential or
useful components from the extraneous or unwanted components, known as noise.
The Denavit–Hartenberg method was implemented to represent the position and ori-
entation of the end-effector with respect to the reference frame. Plots representing the
position, repeatability, and accuracy of the ERMIS were obtained for future analysis.

• In the measurements and data processing, it was necessary to establish the system
parameters (type of motion and analysis condition), record the signals, monitor the
status of the tests and the exoskeleton.

The regulations for the evaluation of medical devices depend on the classification
of the device, which determines the type, functionality, and nomenclature of the device,
as well as the level of risk that may occur for the patient [40]. The Federal Commission for
Protection against Health Risks (COFEPRIS, for its Spanish acronym) made a classifica-
tion of medical devices based on the classification of the Food and Drug Administration
(FDA) [41]. The FDA lends special importance to the design phase since the quality, safety,



Appl. Sci. 2021, 11, 9245 9 of 16

and effectiveness of a device are validated during this phase. Design controls are required.
Some main requirements of the regulation are: to establish written procedures for design
control; carry out a design review; and validate the documentation of the entire device
design process in the Design History File (DHF) [42].

Based on FDA regulations, the methodology is applied to observe the repeatability
of the end-effector and the mechanical behavior of the structure to document the design
process of the ERMIS exoskeleton.

Case studies: For this methodology, the case study step is an analysis of the results of
the position concerning the inertial reference system of the ERMIS exoskeleton; the trajecto-
ries generated by case studies used in rehabilitation therapy allow for the identification of
specific difficulties in their position and movement accuracy concerning therapy. Metrics
tables are presented and analyzed to define the allowable error, in addition to a list of tasks
and requirements that are fed back into the subsequent steps of the methodology.

Implementation of tasks: The MPE measurements are obtained and compared with
the values of that trajectory for each case study. Error curves are generated, and the
permissible error rate is identified and established according to the needs. The graphs
show the trajectories of the arm for each rehabilitation movement, and they are generated
by operating the system without load, with load, and with a healthy user.

3. Results
3.1. Identification of Real Performance Parameters

This section discusses the results obtained from the application of the methodology,
the modes of operation in each of the readings, the ERMIS position data, representative
position charts, the points in the workspace of the movements, and the permissible error
rate for the position analysis. The exercises are involved the movement of at least one
degree of freedom. The constructed anthropomorphic mechanism was connected to the
ERMIS exoskeleton, as seen in Figure 5.
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The trajectories were discretized during the time that each movement or rehabilitation
case lasted. The times for these are presented in Table 4. During the ERMIS testing it was
possible to identify alterations and the correct functioning of the system.

Position accuracy, repeatability, and absolute error have the same analysis conditions
but use different calculation methods. For accuracy and repeatability, the formulas reported
in ISO 9283 [43] are used. The values of the reported results are in millimeters in all cases.
The movement was repeated ten times in the different cases. With the data acquired in
the experimental measurement, different values and graphs were obtained, showing the
absolute error, repeatability, and accuracy of the movements for each joint involved in the
execution of the exercise. Figure 6 shows the trajectories of one of the unloaded readings
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from which the points are taken for analysis. These are of the movement corresponding to
case 3 and demonstrates its variation during the repetitions.

Table 4. Time per work cycle.

Movement Time (s)

Case 1—Series of excluding exercises by joint. 24

Case 3—Activation of muscle memory through trajectory tracking. 45.5

Shoulder abduction–adduction 16

Shoulder flexion–extension 14

Internal and external shoulder rotation 14

Arm flexion–extension 14
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Figure 6. Trajectories of case 3-Activation of muscle memory through trajectory tracking.

Figure 7 shows the Gaussian bells of the position of one of the case studies that
corresponds to a series of exercises by the exclusive articulation, which helps us observe
how they are grouped around the programmed value. A very sharp bell indicates that
the values are very close to the programmed value and a flatter bell indicates that values
far from the programmed value are presented. The graphs correspond to each of the axes.
Figure 7a corresponds to the x-axis, Figure 7b corresponds to the y-axis, and Figure 7c
corresponds to the z-axis.

Table 5 shows the representative values of the difference between the real value and
the one obtained through the absolute error in the trajectories analyzed without a load.
The values are represented concerning each coordinate axis of the inertial system of the
anthropomorphic mechanism.

Table 5. Absolute error in trajectories of no-load readings.

Movement x-axis(mm) y-axis (mm) z-axis (mm)

Case 1 4.7 1.5 7.5

Case 3 24.8 24.9 45.2

Shoulder abduction–adduction 3.6 7.0 7.4

Shoulder flexion–extension 7.9 5.3 7.1

Arm flexion–extension 2.9 13.0 11.7

Internal and external shoulder rotation 36.7 54.5 1.7
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Figure 8 shows the trajectories corresponding to the flexion–extension movement of
the shoulder, whose reading was performed under load conditions of 2.2 kg.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 13 of 18 
 

Shoulder abduction–adduction 3.6 7.0 7.4 
Shoulder flexion–extension 7.9 5.3 7.1 

Arm flexion–extension 2.9 13.0 11.7 
Internal and external shoulder rotation 36.7 54.5 1.7 

Figure 8 shows the trajectories corresponding to the flexion–extension movement of 
the shoulder, whose reading was performed under load conditions of 2.2 kg. 

 
Figure 8. Trajectories of shoulder flexion–extension—load 2.2 kg. 

Figure 9 shows the position distribution of one of the upper limb movements 
corresponding to shoulder abduction–adduction with a load of 2.2 kg. The graphs 
correspond to each of the axes. Figure 9(a) concerns the x-axis, figure 9(b) concerns the y-
axis, and figure 9(c) concerns the z-axis. 

 
Figure 9. Movement of shoulder abduction–adduction—2.2 kg load (a) on the x-axis, (b) on the y-axis, and (c) on the z-
axis. 

Table 6 shows the values corresponding to the absolute error of the movements 
analyzed with the load. These values compared to those taken in the no-load readings 
show an increase in the variation. 

  

Figure 8. Trajectories of shoulder flexion–extension—load 2.2 kg.

Figure 9 shows the position distribution of one of the upper limb movements cor-
responding to shoulder abduction–adduction with a load of 2.2 kg. The graphs corre-
spond to each of the axes. Figure 9(a) concerns the x-axis, Figure 9b concerns the y-axis,
and Figure 9c concerns the z-axis.

Table 6 shows the values corresponding to the absolute error of the movements
analyzed with the load. These values compared to those taken in the no-load readings
show an increase in the variation.

Table 7 shows the root mean square (RMS) values that indicate the amount of error in
the position of the ERMIS exoskeleton. Two values are shown, the first corresponds to the
programmed value, and the second is the RMS value, which compares the programmed
value with the obtained values. It functions as an estimate of positional accuracy.
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Figure 9. Movement of shoulder abduction–adduction—2.2 kg load (a) on the x-axis, (b) on the y-axis, and (c) on the z-axis.

Table 6. Absolute error in trajectories under loading conditions.

Loading Conditions Movement x-axis (mm) y-axis (mm) z-axis (mm)

2.2 kg Shoulder abduction–adduction 11.9 17.6 9.8
Shoulder flexion–extension 3.6 5.6 8.5

4.2 kg Shoulder abduction–adduction 23.0 11.0 39.0
Shoulder flexion–extension 13.6 15.3 24.8

Healthy subject Shoulder abduction–adduction 17.2 18.0 6.8
Shoulder flexion–extension 6.4 5.2 5.9

Table 7. RMS values of the ERMIS exoskeleton.

Conditions Movement x-axis(mm) y-axis (mm) z-axis (mm)

Without load

Case 1 595.1−595.4 180.4−181.2 194.6−194.2

Case 3 486.0−488.3 0.0−13.1 150.9−144.9

Shoulder abduction–adduction 547.5−547.5 158.6−159.2 426.5−426.3

Shoulder flexion–extension 267.6−268.1 482.3−482.0 402.9−402.8

Arm flexion–extension 234.5−234.0 375.8−372.9 172.1−173.7

Internal and external shoulder rotation 265.2−253.2 544.8−565.2 453.8−453.1

2.2 kg
Shoulder abduction–adduction 169.0−161.2 519.7−529.9 357.3−358.6

Shoulder flexion–extension 260.7−260.3 373.6−372.1 345.2−347.8

4.2 kg
Shoulder abduction–adduction 82.7−74.8 608.5−609.0 358.1−375.7

Shoulder flexion–extension 173.3−169.1 452.6−447.0 366.5−362.8

Healthy subject
Shoulder abduction–adduction 164.1−159.0 527.5−534.3 359.8−359.6

Shoulder flexion–extension 255.8−257.2 376.9−376.8 345.2−346.1

Table 8 shows the positioning accuracy, which represents the ability to reach or ap-
proach the programmed value of a given location in the ERMIS trajectories, and the degree
of closeness between the different readings at the same point, representing the repeatability.
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Table 8. Accuracy and repeatability in ERMIS trajectories.

Loading Conditions Movement Accuracy (mm) Repeatability (mm)

No-load

Case 1 0.9 6.6

Case 3 9.1 54.8

Shoulder abduction–adduction 0.6 7.8

Shoulder flexion–extension 1.1 11.3

Arm flexion–extension 3.3 19.7

Internal and external shoulder rotation 41.5 135.0

2.2 kg
Shoulder abduction–adduction 3.4 29.6

Shoulder flexion–extension 3.0 15.8

4.2 kg
Shoulder abduction–adduction 19.3 65.2

Shoulder flexion–extension 8.1 31.8

Healthy subject
Shoulder abduction–adduction 8.5 34.4

Shoulder flexion–extension 1.3 14.8

The use of this methodology allowed for the easier implementation of the tasks.
The results obtained allowed the design to be carried out and refined to obtain the prototype
specifications within the TRLs.

3.2. ERMIS in TRL 5

With the application of the methodology, Table 9 shows the analysis of the techno-
logical maturity of the ERMIS based on the results obtained and the requirements for
increasing it.

Table 9. Technological maturity of ERMIS.

Component Current Parameters (TRL 3) Parameters to Reach a TRL 5

Axis Swivel adjustment with play Sliding with lubrication
Bushing Free adjustment (backlash) Sliding with lubrication

Links Excess in dimensions Dimension reconfiguration
Joints Angle variation range greater than 15 mm The optimum range is between 5 and 15 mm

Actuators Time-speed decoupling Time-velocity coupling by motion
Screws Excess dimensions Adequate selection
Control Time lag Adjustment in movement time

Shafts and bushings have different dimensions, which cause clearances and backlash
between the links; an adjustment of their tolerance levels is the solution. The dimensions of
some links cause the movement ranges to be smaller than is possible; given the properties
of the materials used in their manufacture, they can be resized.

Table 10 shows the differences of the ERMIS exoskeleton concerning exoskeletons in
scientific communication and patents. This table highlights the characteristics that make it
a novel device in comparison with other devices.

Table 10. Characteristics of the ERMIS exoskeleton.

Characteristic Parameter

Degrees of freedom 7

Weight 14 kg

Materials Aluminum and steel
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Table 10. Cont.

Characteristic Parameter

Movement coordination PLC—combination of 7 actuated DOF

Actuating system Electrical

Movilization Passive-continnum

Rehabilitation kind Four operating modes: exercises per joint, exercises with an apparent load, activation of muscle
memory by trajectory tracking, and the emulation of shoulder wheel or rudder

Interaction Human Interface Machine

Motors Lineal actuators

4. Conclusions

Critical points were taken from the different ERMIS trajectories to analyze their
position in the working space. The movements were characterized using the trajectories
generated with an anthropomorphic mechanism and contrasted with the ideal trajectory
for each movement of the exoskeleton.

The analysis in unloaded conditions covered different values of the absolute error at
the selected point of its trajectories: 54.5 mm in the y-axis and as a maximum value for the
external–internal rotation movement of the shoulder.

The analysis under loading conditions covered different values of the absolute error
at the selected point of its trajectories: 39.0 mm in the z-axis as the maximum value for the
abduction–adduction movement of the shoulder.

This error represented a variation according to the type of analysis and case,
which could indicate different situations. This error was caused by working, compo-
nent wear, construction without adequate materials, and system vibration. The error values
were analyzed, obtaining an allowable error rate for each joint between 5 and 15 mm.

The trajectory point values on each axis were a guide to the repeatability and accuracy
of the trajectory, which served as a guide for improving the ERMIS design. The error,
repeatability, and accuracy values indicated whether the rehabilitation objectives could be
met; the implementation of the tasks was set to be as complementary to the ERMIS analy-
sis. This gave us the requirements and constraints from which the design improvement
proposal was formulated.

From these data, it was possible to estimate where the exoskeleton worked efficiently,
and the critical points where a greater error occurred. Keeping a permissible error required
paying special attention to the materials, shafts, bushings, and links.
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