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Abstract The article describes the synthesis module of design solutions for passive
and active exoskeletons, taking into account the anthropometric parameters of the
operator, the requirements and limitations imposed on the exoskeleton. Exoskeletons,
presented on the market of their functional-parametric structure and technical char-
acteristics, are investigated. The method of generating design solutions is considered
by the example of an exoskeleton. An algorithm has been developed for the operator
upper and lower extremities exoskeleton assembly synthesis, taking into account the
anthropometric characteristics, requirements, and limitations of the exoskeleton, and
also developed a system prototype for generating the assembly of the exoskeleton
with regard to the anthropometric characteristics. The system for generating assem-
blies of different types of exoskeletons makes it easy to adapt to emerging markets
and select the most suitable model taking into account various parameters.
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1 Introduction

In biology, the concept of “exoskeleton” is used to denote the external type of skeleton
in some invertebrates. It supports, protects the body of the animal from damage, and
is a mechanical barrier that serves as the first stage of protection against infection
[1–3].

In robotics, the exoskeleton has other functions depending on the field of applica-
tion: medical, military, industrial, and consumer. Despite a sufficient number of the
ongoing development of exoskeletons, information about them is scattered.

The field of exoskeleton systems is constantly evolving. They are also called
“wearable robots” (exoskeleton from the Greek “external skeleton”) because he
repeats the human biomechanics. First, we consider in general what exoskeletons
are [4].

Exoskeletons are wearable devices, i.e. are placed on the user’s body and act
as supporting devices that increase, enhance or restore human performance. In the
human exoskeleton system, part of the functions, for example,maintaining balance, is
left to the person, while the weight of the load or large efforts falls on the exoskeleton
mechanism [5].

Wearable robots are designed to help people with various military, medical, and
industrial purposes [6]. But there are still many problems associated with exoskele-
tons and their orthopedic design, which is constantly being improved. Exoskele-
ton robots are widespread in areas related to rehabilitation, tactile interaction, and
increased human power [7].

The following features and characteristics of the exoskeleton can be distin-
guished [8]. Improving humanproductivity: an exoskeleton should increase the user’s
strength, endurance and/or speed, allowing them to perform tasks that they previ-
ously could not perform. Low resistance: the exoskeleton should not interfere with
the natural movement. Natural interface: the exoskeleton should provide a natural,
intuitive, simple interface, so that the user feels that the exoskeleton is really an exten-
sion of his body, and not something that moves the user. Long life: the exoskeleton
must have a sufficient duration of use between a full charge of the power system and
a quick and easy charge. Convenience: the exoskeleton should be comfortable and
safe to wear and easy to turn on and off.

The mechanical design of the exoskeleton should take into account various design
criteria. Design criteria set forth by researchers from Selcuk University include:

– ergonomic and comfortable design;
– high maneuverability;
– lightweight and durable design;
– adaptability to different users;
– user security.
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The exoskeleton of the lower limbs is a mobile device, worn on a person, which
provides at least part of the energy that is necessary for the movement of the limb.

The synthesis of the exoskeleton, taking into account the anthropometric char-
acteristics of the operator was carried out in [9–12]. However, the works provide
examples of the synthesis of either individual parts of the exoskeleton or individual
mechanisms used in rehabilitation tasks.

2 Description of the Method of Anthropometric
Characteristics Analysis

2.1 Exoskeleton Classification

In recent years, studies of lower limb exoskeletons have become a hot topic. Several
organizations around the world have developed impressive exoskeletons for power,
varying significantly in performance and technology used. Themain use of exoskele-
ton robots in the modern market is focused on rehabilitation services in the field of
medicine - training muscle movements and helping to repair injuries in a more pre-
cise and effective way than was previously possible. They are also used in the army
to combat fatigue and injuries of soldiers in battle. Other exoskeletons may provide
ergonomic support to workers in industry and medicine who perform repetitive or
strenuous work [13].

Exoskeletons can be classified according to the energy source and the principle
of the drive [14–16] or by user interface [17]:

• joystick: for exoskeletons that provide 100% of the energy for the movement
required by the owner. The great advantage of the joystick is that no movements
or nerve functions are required to use the exoskeleton [18];

• buttons or control panels: the exoskeleton is in different programmed modes;
• mind control: using an electrode cap for the skull;
• sensors: modern exoskeleton designs can have up to 40 different built-in sensors
that control rotation, torque, tilt, pressure, and can capture nerve signals in the
hands and feet. An integrated 5 sensor network transmits data back to the micro-
computer to interpret and correct movement [19];

• no control: some passive exoskeletons do not have control buttons or switches.

All classification signs of exoskeleton and types are shown in Fig. 1.
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Fig. 1 Classification of exoskeleton

2.2 Collection of Technical Characteristics and Parameters
of the Existing Exoskeleton

The main parts of the exoskeleton are (Fig. 2):

• the external frame is a rigid, stationary frame of the exoskeleton, made in the
form of a three-dimensional frame structure that defines the space for changing
the position of the orthopedic modules of the internal structure [20];

• the inner frame is a controlled, mobile frame of the exoskeleton, which is kine-
matically connected with the outer one [20];

• a servo drive is any type of mechanical drive (device, working body) that includes
a sensor (position, speed, effort, etc.) and a drive control unit (electronic circuit or
mechanical system of rods) that automatically supports the necessary parameters
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Fig. 2 The main parts of the exoskeleton

on the sensor (and, respectively, on the device) according to a given external value
(the position of the control knob or the numerical value of other systems) [21];

• sensors—a measurement tool designed to generate a signal of measurement infor-
mation in a form convenient for transmission, further transformation, processing
and/or storage, but not amenable to direct perception by an observer [22];

• a battery is a device for storing energy for the purpose of its subsequent use;
• frame system—a system of supporting structure and consisting of a combination
of linear elements [8];

• control system—a system that controls the movement of the exoskeleton;
• an actuator is an engine that is used to move or control the mechanics of a system
[23];

• airmuscles (BM)are devices that contract or stretch under the actionof air pressure.
They represent a hermetic casing in a casing with a braid of inextensible threads
[3].

As part of the work, a model for assembling the basic elements of the exoskeleton
of the lower extremities was developed. The model is parameterized and adapts
to the anthropometric characteristics of the person. Table 1 shows two options for
assembling exoskeleton for two people with different anthropometric characteristics
[24].



30 A. Matokhina et al.

Table 1 Parameterization of the exoskeleton model for different input data

Image

Growth 160 180

Waist girth 65 96

Thigh-length 32 38

Calf length 36 38

Foot length 23 28

Hip girth 43 51

Girth 33 40

2.3 Description of the Design Subsystem with Parameters

The exoskeleton design subsystem is designed to create parametric assemblies of
the exoskeleton of the lower extremities [5]. It is possible to build two types of
exoskeleton: passive and active.

Functions of the subsystem design of the exoskeleton of the lower extremi-
ties (Fig. 3):

– the choice of exoskeleton purpose (in what field of activity it will be used);
– selection of components of the exoskeleton (construction materials, types of actu-
ators, joints, batteries, and control);

– the introduction of measurements of a human operator;
– transfer of exoskeleton parameters to a CAD system for automatic change of
exoskeleton parameters;

– obtaining a personalized assembly of the exoskeleton.
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Fig. 3 Exoskeleton design method

2.4 Designing a Synthesis Module

Patents [17, 20, 22, 25, 26] were found and analyzed to create parametric components
of the assembly of the exoskeleton of the passive and active type. From the drawings
of the patents selected parts. Developed models of parts, details are parameterized in
the Autodesk Inventor. The general synthesis algorithm is presented in Fig. 4. The
algorithm of the processing module is presented in Fig. 5.

Next, the module for generating a parameterized assembly based on its type in
the Autodesk Inventor system was developed (Fig. 6). You need to use Inventor’s
API to design a module for generating a parameterized assembly of an exoskeleton
in Autodesk Inventor.

In order to integrate the operator’s anthropometric parameters processing module
with the parameters of the exoskeleton assembly, a stand-alone EXE program is used,
which runs on its own and connects to the Inventor. This type of program is usually
used when there is a program that has its own interface and does not require the user
to work interactively with Inventor [27, 28].

The parametrization subsystem is part of the exoskeleton design systemand allows
you to customize the exoskeleton model for a given size of a human operator, taking
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Figs. 4–6 (4) A general algorithm for the synthesis of the exoskeleton. (5) Diagram of the module
processing the anthropometric parameters of the operator. (6) Algorithm for generating a parame-
terized assembly of the exoskeleton according to its type in the autodesk inventor system

into account the anthropometric parameters of a person [29]. The subsystem allows
reducing the time spent on inputting the parameters taken into the model.

To link the Inventor with the exoskeleton design subsystem, the Inventor API is
used (Fig. 7).

An API, or application programming interface, is a term used to describe the
functionality of the Inventor graphical editor provided by the program.

Autodesk Inventor is a common CAD system, which means that it is not intended
for any particular industry or is used to model only certain types of products. Having
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Fig. 7 Inventor API
operation diagram

an API allows you to add Inventor-specific functionality that is specific to individual
needs.

The Inventor API is implemented based on COM technology and provides various
ways to access Inventor data using various types of add-in applications (Plug-in
modules).

Components that provide API—Inventor and “Apprentice Server”. Inventor Data
at the base represents Inventor data accessed by parts, assemblies, drawings.

Add-in (DLL), Standalone EXE, Add-in (DLL), VBA, Application represent pro-
grams that are written separately. When one field includes another field, it indicates
that the included field is executed in the same process as the field that includes it.

For example, VBA runs in the same process as an Inventor. A program that runs
in the same process runs much faster than a program that runs “out of process”.

Usually, choosing VBA, guided by the following advantages:

– VBA is a programming environment that is accessible from within Inventor and
is not required to purchase an additional programming language;

– you can implement programs within the document for which processing they are
designed. You can also save programs in separate files so that they can be used in
various documents;

– VBA runs in the same process as Inventor;
– VBA has the same access to all features of the API as any of the other ways to
access the API (with the exception of Add-Ins).

StandaloneEXE is a program that runs independently and connects to the Inventor.
This type of program is usually used when you have a program that uses Inventor but
has its own interface and does not require the user to workwith Inventor interactively.
For example, the program canmonitor new records that will be added to the database.
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When a new entry is created, the program launches Inventor, opens the desired
document and prints it—all without any user interaction.

Apprentice (journeyman) server is a subset of Inventor that does not have a user
interface and runs in one process with another application. The only way to interact
with the Apprentice server is through its API. Apprentice server is much more effi-
cient than using Inventor because, without a user interface, operations are performed
faster. The Apprentice type library contains a limited set of objects supported by the
Inventor type library. Apprentice provides access to the assembly structure, B-Rep
geometry and render styles—read-only. Access to file links, attributes, and document
properties—to read and write.

An Add-In is a special type of add-on application that automatically loads when
Inventor is launched, has high performance and appears to the user as part of the
Inventor. Inventor’s Add-In is a way to connect with Inventor and use its API. With
the help of Add-In applications, you can create commands. The Add-In diagram is
listed twice—as a DLL and as an EXE. DLL applications work in the same process
as Inventor, EXE applications are convenient for debugging.

2.5 Interfaces of the Exoskeleton Design Subsystem

The exoskeleton design subsystem opens separately from Inventor, after launching
the assembly of the exoskeleton on Inventor and mates with it using the Inventor
API. A dialog box is launched in which you can begin work on taking measurements
from a human operator. The subsystem interface consists of five tabs with the help
of which the collected operator parameters are entered (Fig. 5).

The tabs “Belt”, “Hip”, “Drumstick”, “Stop” contain instructions with the image
of individual human limbs with allocated places for taking the size of a person.
Also, on the tabs are fields for entering data obtained from measuring a person. The
minimum and maximum values are indicated, in the range of which the part of the
assembly of the exoskeleton is built. If you enter a value less than the minimum
or greater than the maximum, the program will automatically put the minimum or
maximum value in the input field. There is a button on the tabs, which saves the
entered data in the program and switches to the next tab.

Figure 8 shows the interface tab “Belt” of the exoskeleton design subsystem is
responsible for parametrizing the details of the operator’s back “frame”.

User parameters of the part “Back frame” are changed using the design subsystem
program:

Width of the part—S1—the parameter is changed by the user “1. Hip Girth”;
The part length—D1—is calculated automatically by the design subsystem D1 =
S1/4;
The height of the part—H1—remains unchanged.
The height of the back of the part—HSpin—the parameter is changed by the user
“2. Back height” (Fig. 9).
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Fig. 8 Design subsystem interface “Belt” tab

Fig. 9 Two options for the model belt

The remaining parameters of the part are in the parameters of the Inventor, change
automatically from the introduction of user parameters, see Fig. 10.

Tab “Thigh” is designed to calculate the parameters of the skeleton of the thigh.
Figure 11 shows the interface of the exoskeleton detail design subsystem, the
parametrization of which, as well as in the previous tab, takes into account the
entered parameters with size restrictions to maximum and minimum values.

The informational image shows in what places the hips shouldmeasure the human
operator and how it will be done correctly. The tab shows the permissible maximum
and minimum values.
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Fig. 10 Two variants of the back frame model

Fig. 11 Design subsystem interface “Belt” tab

The user parameters of the “Thigh carcass” part (Fig. 12) are changed using the
design subsystem program:

Thigh-length—divided into two values due to the design features of the part, D1 and
D2, therefore, when getting the value from the “1. Thigh Length”, the D2 parameter
will receive the cell value divided by 3, and the D1 parameter will receive the D2 *
2 cell value;
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Fig. 12 Detail “The frame of the thigh” in the assembly and a separate part

The length of the location of the sensors is also divided into two values DKrep and
DKrep2—and get the values according to the formula: DKrep and DKrep2 = (cell
“2. Hip girth”/2 − 50)/2;
The width of the location of the sensors—DKDat—uses the cell “2. Hip Girth”/4;

The remaining parameters of the part are in the parameters of the Inventor, change
automatically from the introduction of user parameters.

The “Shin” interface tab informs that the entered parameters will be sent to cal-
culate the “Shin Frame” detail. This tab can be seen in Fig. 13.

The user parameters of the “Shank skeleton” part (Fig. 14) are changed using the
design subsystem program:

The length of the tibia is divided into two values due to the design feature of the part,
D1 and D2, therefore, when retrieving the value from the “1. Shank length”, the D2
parameter will receive the cell value divided by 3, and the D1 parameter will receive
the D2 * 2 cell value;
The length of the location of the sensors is also divided into two values DKrep and
DKrep2—and get the values according to the formula: DKrep and DKrep2 = (cell
“2. Girth of leg”/2 − 50)/2;
The width of the location of the sensors—DKDat—uses the cell “2. Girth of the
leg”/4;

The remaining parameters of the part are in the parameters of the Inventor, change
automatically from the introduction of user parameters.

The “Foot” tab informs you that the entered parameters will be sent to calculate
the “Frame of the foot” part. This tab can be seen in Fig. 15.

The user parameters of the “Foot skeleton” part (Fig. 16) are changed using the
design subsystem program:
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Fig. 13 Design subsystem interface “Shin” tab

Fig. 14 Detail “The skeleton of the leg” in the assembly and a separate part
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Fig. 15 Design subsystem interface “Foot” tab

Fig. 16 Detail “The skeleton of the leg” in the assembly and a separate part
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The length of the foot—DStop—indicates the values obtained from the cell “1. Foot
length”;
The width of the foot—SStop—indicates the parameters stored in the cell “2. Foot
width”;
Attachment height—DKrep—this parameter is calculated automatically using the
formula DKrep = cell “1. Length of the foot”/2.7.

The final assembly of the exoskeleton of the lower extremities contains 42 com-
ponents, 15 of which are typical elements of drives, fasteners, and hinges.

3 Conclusion

As a result of the work, the following tasks were carried out: a review of exoskeletons
was conducted, a database was formed to select the type and type of exoskeleton, tak-
ing into account the requirements and restrictions of the operator to the exoskeleton;
formed a parameterized library of exoskeleton elements and assembly of exoskele-
ton, taking into account the type; an algorithm for synthesizing the assembly of the
exoskeleton of the upper and lower extremities of the operator, taking into account its
anthropometric characteristics, requirements, and limitations to the exoskeleton, has
been developed; A prototype for generating the assembly of an exoskeleton of human
lower limbs was developed taking into account the anthropometric characteristics of
the operator.

In the future, it is planned to replenish the parameterized libraries of elements
of the exoskeleton and assembly of the exoskeleton of various types, to develop a
prototype for generating the assembly of an exoskeleton suit and to develop a digital
twin of the exoskeleton.

One of the key trends of the last couple of years is the “digital counterpart”.
The advantages of the digital twin are to provide a level of abstraction that will

allow applications to interact with the device or devices in a consistent manner. The
digital twin monitors the life cycle of the device and the data associated with the
device. Digital twins allow you to simulate devices during development, integrate
analytics, machine learning, etc.

Basic concept: monitoring of a physical object is carried out on the basis of a
closed cycle of information exchange between it and its virtual model (thereby the
digital counterpart).

The digital twin can be used as a starting point for a simulation model that may
extrapolate how the system will work in the future. The degree and accuracy of these
simulations can vary depending on the implementation of the simulation and the
desired result.

For example, a CAD drawing package can be used to create a digital model, and
then the process control system will use this model as the basis for the digital twin.
This software can provide a connection between digital twin sensors and controls
with those in the real world.
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On the other hand, if the desired results are related to how strong the part will be
inside the engine, then the relative level of detail should be greater.

The model used in the simulation may have the characteristics added so that
physical modeling is possible. The model may include detailed information about
the virtual materials used in the model, which, in turn, will allow the modeling
software to replicate the response of the model during the simulation.

Models can have different goals, but they can also have general descriptions,
such as information about dimensions, material attributes, etc. Many models can be
used by several applications for different purposes, showing the status of the current
system to simulate a device that has yet to be built [sixteen].

Since the digital twinwill simplify the task of testing, allowing for quick correction
and detection of anomalies, it was decided to further design the digital twin and
develop recommendations for optimizing the operating mode and maintenance of
the exoskeleton.
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