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This paper proposes a method and instruments for assessing the build quality and the technical condition of an
electric gear actuator for an exoskeleton based on determining its starting torque as one of the main indicators of
the level of degradation of its components. Existing methods are mainly based on identifying starting torque with the
help of additional devices that require involvement of an operator in the measurement process, which increases its
time and labor costs and makes it difficult to be automated. As opposed to the existing methods and instruments, the
method and hardware-software complex developed in this study allow automating the measurement process, does
not require expensive equipment, and has potential for conducting technical state control without dismounting an
actuator from an exoskeleton. In the experimental part of this paper, the proposed method and tools were evaluated
on the basis of electric actuators with reduction gears for an electromechanical orthosis of a lower limb exoskeleton.
According to the experimental results, the discrepancy between the values of starting torque obtained separately by
an existing method and by the proposed one is within 1.8%, which confirms the efficacy and applicability of the de-
veloped method for monitoring the technical condition of electric actuators for exoskeletons both at the stage of their
production and during their operation.
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INTRODUCTION

In the past few decades, significant progress has been
made in the development of exoskeletons, which are
mobile bionic devices that expand human capabilities
and facilitate physical activity by providing active or pas-
sive help to the muscles of the body [1-3]. Their use has
become noticeable in many areas of human life [4-6],
especially in medicine [7,8], where exoskeletons allow
people with impaired musculoskeletal functions gaining
the ability to move independently performing everyday
tasks [9,10]. Compared to traditional physical therapy,
auxiliary rehabilitation with an exoskeleton has several
advantages, which consist in reducing the working time
of therapists, allowing a patient to conduct intensive re-
habilitation trainings and providing a quantitative assess-
ment of the level of recovery by measuring strength and
movement patterns [2,11,12].

Along with the relevance and usefulness of an exoskele-
ton in a person’s life, for a developer and a manufactur-
er such a multifunctional robotic system is an extremely
complex and critical device that requires ensuring a high
level of build quality and timely maintenance [13-15]. In
this regard, great attention should be paid to monitoring
the technical condition of main components subjected to
increased and alternating loads, and failure of which can
lead to detrimental consequences for human health and
his environment [2,16].
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Currently, the main operation units that support the mo-
tion of human joints and transmit torque to the wearer's
controlled limbs are electric actuators [17-19]. These de-
vices, in particular, those with involute gears, which have
a greater specific power, are made with a large num-
ber of friction nodes and high-precision elements, and,
therefore, even minor damage or departure from the de-
sired level of their build quality lead to an increased rate
of degradation processes, backlashes and jams, which
have a significant impact on their service life [20,21].
Therefore, the use of modern methods and tools to con-
trol their technical condition providing high measurement
accuracy and low level of time costs is an important task
in the quality improvement and safe operation of exo-
skeletons.

When choosing methods and tools for assessing the
build quality and the technical condition of electric gear
actuators, special attention should be paid to the pos-
sibility of determining the indicators characterizing the
level of degradation processes in their separate compo-
nents, which are mostly influenced by the frictional forc-
es. One of such indicators is starting torque, which in a
number of scientific papers is defined as one of the most
important indicators of the quality of assembly and the
technical state of rotating mechanisms [22-24].

Currently, the determination of the starting torque of an
electric gear actuator is carried out both on an input and
on an output links of a reducer [25,26]. The most prefer
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able method is to identify the starting torque on an input
link, since it has a direct effect on an electric motor. There
are, in turn, two main methods for determining the start-
ing torque on an input link. According to the first one [26],
the measurement is reduced to the determination of the
force of gravity created by calibrated weights, which are
used to overcome the static moment of friction in nodes
of an actuator. The second method [25] is more accurate
and differs from the first one in that the measurement of
the force required to overcome the friction forces is car-
ried out using a spring dynamometer. The main disad-
vantages of both methods are high requirements for ac-
curacy of conducting experiments and their complexity.
As for the output link starting torque, it is measured when
itis not possible to take measurements on an input link of
a reducer (when dismounting a reducer causes consid-
erable difficulties). For example, in Nabtesco Reducers,
the output link starting torque is reduced to the input link
one using a reduction ratio. The main disadvantage of
this method is the neglect of the reducer efficiency in the
measurements.

Based on the analysis of existing methods and instru-
ments for identifying the starting torque of an electric
gear actuator, it can be concluded that they either have
insufficient measurement accuracy or require significant
labor and time resources, which impedes the accelerat-
ed test of an actuator during its operation and on-condi-
tion maintenance. In addition, the improvement of exist-
ing methods in terms of automating the measurement
process is a laborious task due to the presence of a large
number of factors affecting the measurement result.

The purpose of this paper is the development and exper-
imental evaluation of a new method and instruments for
measuring the starting torque of electric gear actuators
for exoskeletons, which do not have the shortcomings
inherent in existing methods and tools. Approbation of
the proposed approach is supposed to be carried out on
the basis of an electric actuator for an electromechan-
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Figure 1: Scheme of imposition of forces to determine
the starting torque of an electric drive using an existing
method

387

ical orthosis of a lower limb exoskeleton developed in
the laboratory Mechatronic Systems of the Volga State
University of Technology.

THEORY AND METHODS

Description of a new method for determining the
starting torque of an electric gear actuator

As noted above, one of the main indicators that assess
the build quality of electric actuators for exoskeletons is
the starting torque, which characterizes the level of fric-
tion between their elements.

To clarify the gist of the method proposed in this paper
for determining starting torque, it is necessary to draw an
analogy with the sequence of actions that are performed
when determining it using an existing method.

Fig. 1 shows the scheme of implementation of the meth-
od, which is widely used at present.

According to the presented scheme, to determine the
starting torque of an actuator, MS, an input link of a re-
ducer attached to an additional flange is being loaded
with a force, F, through the arm, R, which equals to the
radius of the flange, until the starting torque, MS, over-
comes the force of internal friction of the actuator, as a
result of which it starts rotating. In this case, the force, F,
is created by calibrated weights suspended by a strand
wrapped around the flange. Thus, the static moment of
friction in the units of the electric actuator is overcome by
the gravity of those weights.

On the other hand, overcoming the friction forces in the
units of the electric actuator is possible with the help of its
electric motor. Depending on the level of friction, to start
rotating the system, the electric motor needs to consume
a certain amount of energy, an indicator of which can be
the current (starting current), which varies depending on
the level of friction. This approach minimizes the impact
of the human factor, is less time consuming, and allows
assessing the build quality of an electric gear actuator
and a reducer in an automatic mode, which contributes
to its use not only at their assembly stage, but also at the
stage of their operation.

The scheme of implementation of the method developed
in this paper is presented in Fig. 2.

At the first stage, with the help of an electric motor 5, an
input link 3 of a reducer 2 is driven into rotation. A current
sensor registers the current value when the input link 3
turns through a predetermined angle, a, which is equal
to the first stage starting point of rotation. The angles of
rotation of the input link 3 of the reducer 2 (electric motor
output shaft) are determined using an absolute encoder
4, which is included in the test actuator. The rotation of
the electric motor 5 is stopped when the predetermined
angle, A, taken as the first stage ending point of rotation,
is reached.

Journal of Applied Engineering Science Vol. 17, No. 3, 2019
ISSN 1451-4117



condition of an electric gear actuator for an electromechanical orthosis of a lower limb exoskeleton

Vladimir Belogusev, et al. - Development of a method and instruments to assess the build quality and the technical “

\ [/

i =
1 is an output link of a reducer; 2 is a reducer;

3 is an input link of a reducer; 4 is an absolute encoder;
5 is an electric motor

Figure 2: Scheme of implementation of a new method

for determining the starting torque of an electric gear
actuator

This angle is defined as the increment of rotational angle
and calculated according to the following equation:

200 (1)
I

Where, i is a reduction ratio.

That was the end of the first stage out of N ones of start-
ing current identification. Then, after the electric motor 5
stops, with a certain time delay, the process of measuring
the current continues. At the second stage, the input link
3 is driven into rotation again. A current sensor registers
the current value when the input link 3 turns through the
angle a and reaches the second stage starting point of
the reducer input link 3, which is determined as follows:

The rotation of the electric motor 5 is stopped when the

[ @
i

angle 2A, taken as the second stage ending point of ro-

tation, is reached.

Measurements of the current continue until the input
link 3 of the reducer 2 makes i revolutions, which cor-
responds to one complete revolution of its output link 1.
The calculated increment, A, allows completing the mea-
surement process in the initial point of the rotation of the
output link 1 of the reducer 2.

The number of stages of the starting current measure-
ment can be determined according to the following equa-
tion:

N =i )
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Thus, during the test of an electric gear actuator accord-
ing to the proposed approach, it operates in the inter-
mittent mode, which allows determining the starting cur-
rents at different angles of rotation of an output link of a
reducer. At the same time, having determined the coeffi-
cient that determines the dependence of starting torque
on starting current of an electric motor (specified in the
motor certificate data or calculated experimentally), it is
possible to determine the starting torque of an actuator
on the basis of its starting current, and, therefore, assess
its build quality and technical condition during operation.

It should be noted that the specified increment of rota-
tional angle, A, does not allow completely covering the
entire rotational range of a reducer and an electric ac-
tuator. Therefore, an additional stage of the developed
method is to measure the change in current when ro-
tating an electric actuator steadily without interruptions.
The speed of rotation is selected on the basis of a prede-
termined maximum permissible value of starting current.
Thus, when exceeding this value above the tolerance,
it is possible to detect an unacceptable increase in the
level of friction in the units, and, consequently, to define
the technical condition of an electric actuator as unsat-
isfactory.

Block diagram of the implementation of a new meth-
od for assessing the build quality and the technical
condition of an electric gear actuator

Fig. 3 presents the block diagram of the implementation
of the developed method for assessing the technical
condition and the build quality of an electric gear actu-
ator for an electromechanical orthosis of a lower limb
exoskeleton.

In the course of statistical treatment of the starting torque
values, the sampling variance, the standard deviation,
the absolute and relative errors of measurement results
at a given confidence level are determined, and blun-
ders that are to be excluded from the sample are found.
Based on the results obtained, a decision on the permis-
sibility of the further use of an actuator is made.

EXPERIMENTAL SETUP

To evaluate the proposed method for assessing the tech-
nical condition and the build quality of an electric gear
actuator for an electromechanical orthosis of a lower
limb exoskeleton, a hardware-software complex was de-
veloped (Fig. 4).

With the help of the presented hardware and software
complex, the rotation angles of an input link of a reduc-
er and the currents (starting currents) were registered.
Based on the data measured by the developed complex,
the instantaneous and average values of the desired
quantities were determined.

An absolute magnetic encoder with SSI interface was
used to measure the rotational angles of an input link of
a reducer. Structurally, it is an electronic chip with a small
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Figure 3: Block diagram of the implementation of the developed method for assessing the technical condition and
the build quality of an electric gear actuator for an electromechanical orthosis of a lower limb exoskeleton
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Figure 4: The structure of the hardware-software com-
plex to control the starting torque of an electric gear
actuator at different angles of rotation of an output link
of a reducer

number of auxiliary components and a permanent mag-
net rotating very close to the chip. When turning, a mag-
net provides an alternating magnetic field caught by the
Hall sensor. The Hall sensor is made using MEMS tech-
nology and is integrated into the encoder chip. The used
AS5040 microcircuit encoder is capable of operating in
the absolute encoder mode. This allows it to be used on
an input link of a reducer for precise control of the abso-
lute position of a reducer shaft. The encoder form factor
is a compact round board built into an electric actuator.

A low-impedance shunt was used as a current sensor.

The hardware-software complex has one analog mea-
suring channel (for a low-resistance shunt) and one
digital measuring channel (for an encoder). Digital and
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analog signals from the sensors are fed to an input of
a data collector, in which they enter a measuring micro-
controller Atmega 640 with a clock frequency of 16 MHz
through a galvanic separation of signals and a filter (Fig.
5). The galvanic separation system consists of two units,
which are a power separation and a signal line separa-
tion. The digital signal from the microcontroller enters a
flash memory until the end of the measurement. After
the measurement is completed, the data from the flash
memory is transferred to a personal computer (PC) and
processed by a terminal program installed on a PC hard
disk.

In the terminal program on the PC, mathematical pro-
cessing of the data array is carried out, currents and
starting torques are determined for each angle of rotation
of an output link of a reducer, and their comparison with
the permissible levels of values is implemented.

An electric actuator is driven by EC 90 electric motor
made by Maxon Motors company. These electric motors
are characterized by high efficiency and compact flat de-
sign.

In order to be able to automatically measure starting
torques, a high-speed control panel was developed,
which consisted of a debugging board ESCON Module
Motherboard and a high-performance controller ESCON
Module 50/5. For the ESCON Module 50/5 driver, a soft-
ware Escon Studio was used, which allowed creating
various options of control algorithms, for example, main-
taining uniform speed at the final stage of the electric
actuator test.
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Figure 5: The structure of a data collection unit for identifying the starting torque of an electric actuator for an elec-
tromechanical orthosis of a lower limb exoskeleton

1 is areducer; 2 is an absolute encoder

Figure 6: General view of a reducer and an absolute
encoder for an electromechanical orthosis of a lower
limb exoskeleton
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A motor power unit Mean Well HRPG-600-36 is rated for
36 volts DC.

The reducer for an electromechanical orthosis of a low-
er limb exoskeleton is being developed in the laboratory
Mechatronic Systems of the Volga State University of
Technology as part of the project called "Creating a high-
tech production of a multifunctional robotic exoskeleton
for medical purposes." These reducers are planetary
types of reduction units with involute gearing. Its general
view with an absolute encoder is shown in Fig. 6.

To evaluate the reliability of the data obtained using the
developed method and hardware-software complex, a
test installation was proposed and assembled, which al-
lowed measuring the starting torque of a reducer for an
electromechanical orthosis of a lower limb exoskeleton
using an existing method. The scheme of the developed
test installation is presented in Fig. 7.

To determine the starting torque of the reducer, the elec-

tric actuator was disassembled. The reducer was mount-

ed on a special support. A flange with a diameter of 100

mm was attached to it. Metal wire with a diameter of 0.3

mm was wound on the flange. One end of the wire was

attached to the flange, while the other one was attached
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Figure 7: General view of a test installation for measuring the starting torque of a reducer for an electromechanical
orthosis of a lower limb exoskeleton using an existing method
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to a dish for calibrated weights. In the experimental part
of this paper, the starting torque values were determined
in the initial positions of the flange after every two com-
plete revolutions of it together with an input link of the re-
ducer. The measurements had been carried out until its
output link made one complete revolution with the num-
ber of the input link revolutions equal to a reduction ratio.
Thus, in our case, one revolution of the output link of the
reducer with a reduction ratio of 100 corresponds to fifty
measurements of the starting torque. The described in-
stallation for measuring the starting torque of the reducer
with a reduction ratio of 100 is presented in Fig. 8.

RESULTS AND DISCUSSION

The goal of the experimental part of this work was to
evaluate the reliability of data obtained using the devel-
oped method and hardware-software complex for mea-
suring the starting torque of a reducer developed in the
laboratory Mechatronic Systems of Volga State Univer-
sity of Technology.

For these purposes, at first, using the developed hard-
ware-software complex, the values of starting torque for
various angles of rotation of the reducer input link were
determined according to the block diagram presented
in Fig. 3. The value of the coefficient characterizing the
dependence of its starting torque on its starting current
was 109. The values of the starting torque of the reducer
for each position of its output link corresponding to two
revolutions of its input link were calculated on the basis
of experimental data obtained.

Then, measurements of starting torque were carried out
for the same positions of the output link of the reducer
using the experimental installation presented in Fig. 8.

In the experimental part of this work in the application of
the developed method 12 measurements of each angle
position of the reducer output link were carried out, blun-
ders were eliminated, random errors were determined
and the average values were found.

The values of the starting torque obtained using the de-
veloped method (Fig. 3) and the existing one (Fig. 11)
are presented in Table 1.

According to the results presented in Table 1, the dis-

crepancy between the starting torque values obtained  Figure 8: Installation for measuring the starting torque
using the existing method and those obtained using the of the reducer with a reduction ratio of 100 using an
developed one is within + 1.8%. The presented results existing method

show the convergence of data sufficient for applying the

developed method and hardware-software complex for

evaluating the technical condition of electric actuators

and reducers for an electromechanical orthosis of a low-

er limb exoskeleton both at the stage of their production

and during their operation, as well as for further research

aimed at the application of the proposed method for as-

sessing electric actuators efficiency and their residual

life.
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Table 1: Experimental results

The rotatonal | e sarihg | The siaring
angle of the
output link of rgducer_ r_educer_

the reducer obtamet_j u_smg obtained using

[degrees] the existing the developed

method [N-m] | method, [N-m]
0 0.01225 0.01207
7.2 0.04361 0.04306
14.4 0.01225 0.01229
21.6 0.04312 0.04259
28.8 0.01176 0.01168
36 0.04361 0.04396
43.2 0.01078 0.01091
50.4 0.04410 0.04432
57.6 0.01225 0.01202
64.8 0.04410 0.04489
72 0.01176 0.01197
79.2 0.04263 0.04242
86.4 0.01127 0.01112
93.6 0.04263 0.04314
100.8 0.01078 0.01096
108 0.04263 0.04323
115.2 0.01078 0.01073
1224 0.04263 0.04295
129.6 0.01127 0.01109
136.8 0.04165 0.04198
144 0.01078 0.01075
151.2 0.04263 0.04199
158.4 0.01078 0.01095
165.6 0.04361 0.04313
172.8 0.01225 0.01242
180 0.04361 0.04413
187.2 0.01176 0.01178
194.4 0.04312 0.04269
201.6 0.01078 0.01087
208.8 0.04410 0.04344
216 0.01225 0.01240
223.2 0.04214 0.04138
230.4 0.01127 0.01147
237.6 0.04263 0.04278
244.8 0.01078 0.01064
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252 0.04165 0.04115
259.2 0.01127 0.01114
266.4 0.04263 0.04203
273.6 0.01127 0.01116
280.8 0.0441 0.04339

288 0.01176 0.01182
295.2 0.04165 0.04090
302.4 0.01225 0.01240
309.6 0.04410 0.04388
316.8 0.01176 0.01172

324 0.04263 0.04340
331.2 0.01176 0.01190
338.4 0.04312 0.04334
345.6 0.01225 0.01250
352.8 0.04361 0.04413

CONCLUSIONS

The results of the presented experimental study indicate
the applicability of the developed method for determin-
ing the starting torque of an electric gear actuator for an
electromechanical orthosis of a lower limb exoskeleton.
Evaluation of data obtained using the developed meth-
od has shown that the discrepancy between the starting
torque values obtained by the existing method and using
the developed one is within 1.8%, which is evidence of
the efficacy of the proposed approach.

The hardware and software complex developed allows
monitoring the starting torque of an electric actuator for
an electromechanical orthosis of a lower limb exoskel-
eton in an automatic mode with lower level of influence
of the human factor and with less time and labor costs
as compared to existing measuring methods. The use
of a built-in encoder of high accuracy for measuring the
angle of position of an input shaft of a reducer paves
the way towards accelerated assessment of the techni-
cal condition of an actuator without the use of additional
equipment.

At the technical state control department of a manufac-
turer, determining the tolerance for changing the starting
current of an electric actuator, and also equipping it with
a hardware-software complex, it is possible to quickly re-
spond to the deterioration of its efficiency, which allows
improving the quality of its assembly, maintaining its high
performance, as well as carrying out its timely mainte-
nance and repair.

The described method and instruments can form the ba-
sis of indirect methods for determining not only the level
of friction in an electric gear actuator, but also its residual
life and efficiency without the use of expensive equip-
ment. For these purposes, in further studies it is
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supposed to experimentally identify the dependencies of
the starting current of an actuator on its service life and
performance, which will make it possible to determine
the values of the starting torque at which further opera-
tion of the actuator may lead to an unpredictable failure.
Those results will allow carrying out maintenance of re-
ducers and electric actuators according to their actual
technical condition, adjusting their maintenance sched-
ule and replacement time, and, consequently, increasing
the reliability of an exoskeleton.
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