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Abstract. This paper presents the results obtained in the experimental evaluation of
flexion—extension angles of the ankle joints during 10 tests of walking on horizontal and
inclined treadmill. The tests were performed at two different speeds, 5 km/h and 10 km/h, and
five different incline angles: 0, 3, 7, 11 and 15 degrees by a sample of 11 healthy subjects.
The medium cycles are determined and plotted for all subjects and for the sample, for all
experimental tests. The medium cycle was calculated for each test, for each subject, and for the
entire sample. A comparison is made between the average cycles of each test obtained for the
sample. Increasing the TM inclination leads to an increase in the maximum value of the flex-ext
angle. The influence of increasing the TM inclination angle on the variation of the flex-ext angle
is stronger than that of increasing the walking speed.
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1. Introduction

Nowadays, the importance of gait measurement and analysis has encountered and
appreciated in biomechanics and clinical research. The kinematic parameters of
gait give useful information for diagnosis and restorative action [1].

Various tools for collecting information on different gait parameters help the
successful use of gait analysis techniques [2], allowing an objective assessment and
providing a large volume of information about the gait of monitored subjects [2].
The considerable interest in the development of human gait evaluation technologies
used outside the laboratory, allowing measurements at home, at the workplace, at
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the hospital, in gyms, has led to the development and use of systems based on
portable sensors. They make it possible to monitor subjects and patients affected by
movement disabilities, obtaining data acquired in the patient's natural environment,
as well as during the person's daily activities. In the medical field, knowing the
characteristics of walking, monitoring and evaluating changes in human walking,
reveals important information about the objective quantitative measurement of
walking parameters and about the evolution and early diagnosis of various diseases
[2-7]. Wearable sensors systems include sensors such as electrogoniometers,
accelerometers, gyro sensors, force sensors, electromyographic sensors, etc. The
systems have been used to determine some spatiotemporal parameters, such as the
number of steps, step length, cadence and walking speed [7, 8].

The advantages and validity of wearable sensors to collect a variety of gait
parameters are presented in different studies on healthy subjects or pathological
subjects [3, 8-12], to identify kinematic differences between osteoarthritic patients
and healthy subjects [13-16].

Previous studies of walking kinematics analyzed the influence of walking speed
variation on walking variability both on the ground and on horizontal and inclined
treadmills (TM) [17- 20]. Human gait analysis is very useful for the design of
rehabilitation devices, such as orthotic systems or exoskeletons [13, 18, 21-23] or
bio-inspired robotic structures, such as medical robots [24, 25].

Ankle joints are complex anatomical structures. They have a particularly important
role in walking, running, jumping, regarding the kinematics, dynamics, but also the
stability of the movement and the integrity of the human body, considering the
shocks it endures and which can cause instability or even sprains and fractures, if
they are not carefully protected. A percent of about 40-70% of individuals who
suffer an initial ankle sprain will develop chronic ankle instability [16], and the
risks of fall and fracture is increased.

The aim of this study consists into the measurement of the flexion-extension angle
(flex-ext) of the ankles of both human lower limbs during 10 tests of walking on
horizontal and inclined TM performed by a sample of 11 healthy subjects. The
medium walking cycles were obtained for each experimental test and an analyze of
the influences of speed and incline is done.

2. Materials and methods
2.1. Data acquisition systems

Biometrics system [4] is a biomechanical data acquisition and process system
based on wearable sensors such as electrogoniometers, accelerometers, force
platforms, myometers, dynamometers and many other types of sensors. Data LOG
MWX8 acquisition unit (Fig. 1) is a wearable device, which can be attached to the
human body, allowing the simultaneous data collection from a maximum 24
sensors with frequencies varying from 100 to 20 000 Hz. Real-time data transfer is
carried out, allowing the possibility of storing data in the device by using a
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memory card [4]. The Biometrics system is provided with a set of light and flexible
electrogoniometers recommended and used for precise and synchronized 3D gait
measurement, in the sagittal and frontal planes [4]. Flexible electrogoniometers
(Fig. 1.) have two separate connectors, each measuring an angle variation in each
of the two perpendicular planes, sagittal and frontal. Collection of experimental
data stages, in accordance with schema-block in Fig.1 are the following:

- Collection of biomechanical data, as data files, by using electrogoniometers

- Transmission of data files to DataLOG devices,

- Real-time data transmission to the computer via Bluetooth®

- Converting data into angle diagrams for all joints and displaying them.

Bluetooth

Fig. 1. Schema block of data collection: 1-Datal.og device; 2- electrogoniometer SG150 for knee
and hip; 3- electrogoniometer SG110, for ankle; 4- diagrams displayed on screen; 5-subject.

The equipment used in the experimental protocol is composed of two DataLOG
devices, computer and six electrogonimeters (Fig. 2).
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Fig. 2. (a) electrogoniometer; (b) The equipment mounted on a subject during experimental test.

Figure 3 shows the graphical interface of the Biometrics software, used for
configuring the electrogoniometers and real-time monitoring of the
experimental data collection process. The data is saved in ASCII format in files
with the extension .log, but they can also be converted to .txt or .csv format and,
later, imported into other applications for their analysis.

File Edit Setup View Zoom Transfer Window Help
I - i = I < o RV R |

=120 B % (#HEe & & THE =0 % B EREBRE
] 2| x] 2|
Jmets banda 3- 5 km.log = _IMin- time for Excursion:| 0.100 s_l [ mers banda 3- 5 km (3/29/2016 16:50:55) from M17010, 95
dyiz/arkers  Trace | Clear Al Min. change for Repetition: (5.0 (% 180-
= g
% 8 1 [ left ankle flext 12030 alsT 6 = :
2 ] left ankle inv-ev = ,
2 30 S ms| |2 :
E (@] left knee fl-ext M Aversge > L ES
] O4 left knee var-valg O = - ;
] O5 [ left hip flext O ~ : &
[~] @& [t hip irv-ev O > : 1003
7 = = :
Cl O - B0 | — I —
E 8 I:l o B 0:00.000 0:05.000 0:10.000 0:15.000
a <
% b Rl | [RM2 | O Samples @ mS
PP Ol Clear Triangle-Bartlett ~ | [ mers banda 3- 5 km.log (3/29/2016 16:50:55) from M17011, -
E d Pair weighting
Fairs (20102 (21
E Event markers
% = Detected Urits 2
Remoyve Scan
x
File Mame Ch Trace Title Filters
mers banda 3- 5 km.log (M17010) 1 right ankle fl-ext Average
mers banda 3- 5 km.log (M17010) 1 right ankle fl-ext Average
mers banda 3- 5 km.log (M17010) 2 right ankle inv-ev Average
mers banda 3- 5 km.log (M17010) 3 right knee fl-ext Average
mers banda 3- 5 km.log (M17010) 4 right knee var-valg Average
mers banda 3- 5 km.log (M17010) 5 right hip fl-ext Average

Fig. 3. Interface between user and Biometrics software.



Journal of Engineering Sciences and Innovation, Vol. 8, Issue 2 / 2023 129

2.2. Subjects

A sample of 11 healthy subjects performed the experimental tests. The subjects did
not present any condition that could affect walking, they did not present pain and
they did not have any surgical intervention that could affect the quality of walking.
The experimental study on human subjects was approved by the Human Ethics
Research Committee of the University of Craiova. The anthropometric data of the
subjects are presented in Table 1.

Table 1. Average anthropometric data of subjects sample

Lower limb
length [cm]
Average (StdDev) | 29.45 (1.67) | 73.78(5.83) | 178.32 (7.59) | 81.57 (8.21)

Age [years] Weight [kg] [Height [cm]

2.3. Experimental tests

The subjects performed 10 walking tests on horizontal and inclined TM, with 2
different speeds and 5 different incline angles. The experimental tests performed by
healthy subjects on the TM are presented in Table 2:

Table 2. Experimental tests performed by healthy subjects

Slope [degrees] o o o o °

Speed [km/h] 0 3 ! 1 15
5 T1 T2 T3 T4 T5
10 T6 T7 T8 T9 T10

A number of 10 tests x 11 subjects x 2 joints = 220 files were collected from all
subjects and analyzed. In order to compute the medium normalized cycles of flex-
ext corresponding to each data file, SimiMotion software was used [26].

3. Results

The variations of flex—ext angles of the two joints of each subject were obtained for
each test. In Fig. 4, consecutive cycles of flex-ext angles in respect with time [s], of
Subject 1 for Test 1 (T1), collected and computed by Biometrics, are shown.

By considering the natural human biological variability, which means the stride-to-
stride fluctuations in human walking for each individual, and in order to obtain
good results, a number of fifteen consecutive cycles were selected inside the
walking sequence for each data file, after the two sides of the walking sequence
was cut. Then, the fifteen cycles are normalized by using the SimiMotion software
[26]. Each of all fifteen cycles are reported at an abscissa of 100 percent and
finally, the medium cycle of each file is obtained by the software. By running
through the collected data processing algorithm, the average cycles for the 4 joints
were obtained for all subjects and for all ten tests.

In Table 3 the average values of main kinematic parameters for all ten tests are
measured and computed.
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Table 3. Average values of main kinematic parameters computed for the ten tests.

Incline eed 5 km/h 10 km/h
Parameters
time [s] 55 55
distance [m] 77 153
0 repetitions 54 110
No. step/s 1.019 0.50
frequency [s/no.step] 0.982 2.00
time [s] 55 62
distance [m] 77 160
3 repetitions 52 110
No. step/s 1.06 0.56
frequency [s/no.step] 0.95 1.77
time [s] 48 65
distance [m] 66.62 166.56
7 repetitions 47 100
No. step/s 1.02 0.65
frequency [s/no.step] 0.98 1.54
time [s] 55 60
distance [m] 77 166.56
11 repetitions 53 110
No. step/s 1.04 0.55
frequency [s/no.step] 0.96 1.83
time [s] 62 60
distance [m] 86.056 166.56
15 repetitions 60 120
No. step/s 1.03 0.50
frequency [s/no.step] 0.97 2.00
time [s] 55.00 60.40
distance [m] 76.74 162.54
Average repetitions 53.20 110.00
No step/s 1.034 0.552
frequency [m/step] 0.968 1.829
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Fig. 4. Diagrams of consecutive cycles of flex-ext angles plotted by Biometrics software based on
experimental data collected for both hips, both knees and both ankles - Subject 1, Test 1.

One method to determine the frequencies present in a signal of a time series is to
represent the data in the frequency domain. The frequency domain presents data as
a function of the frequencies contained in the signal as opposed to the time domain
which presents it as a function of amplitude over time. Frequency domain analysis
is widely used to provide additional information about healthy and pathological
motion. There are many transforms from the time domain to the frequency domain,
but the most commonly used is the Fourier transform. The plot of power at each
frequency, called the power spectrum, allows you to identify the frequency that
contributes the most just by examining the peak positions in the power spectrum. If
the peak corresponding to a certain frequency is very large, then the signal of
interest has a component at that frequency. The figure 4 shows power spectrum
plots of the time series with the measurements taken for the right leg of Subject 1
in the T1 test for ankle flexion-extension movement.

The highest amplitudes obtained in the power spectrum represent the dominant
sinusoidal signals in the motion waveform of the joint. By analyzing the figure 5, it
can be seen that the dominant frequency for ankle joint of the right leg of subject 1
in the treadmill walking test T1 was 0.985 Hz, that is a cycle of about 1 second. In
a similar way the dominant frequency for each test is obtained.

In Fig.6 the mean cycle, mean cycle + StdDev, mean cycle — StdDev for the right
and left ankle joints of Subject 1 (S1) for tests T2, T3, T9 and T10 are presented. In
these diagrams, StdDev means Standard deviation.
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Fig. 5. Time series power spectrum with measurements taken for the right ankle flexion-extension
movement of Subject 1 in the normal walking test.
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Fig. 6. Mean cycle, mean cycle + StdDev, mean cycle — StdDev cycle for both ankle joints,
Subject 1 (S1) — Test 2, Test 3, Test 9 and Test 10

In Fig.7, comparative diagrams of the average cycles of flex-ext angles of sample,
function of TM incline angle for a TM speed of 5 km/h and (Fig.6 a), respectively,
of 10 km/h (Fig.6 b), are presented.
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Fig. 7. Mean cycles of both ankles for the TM incline: 0°, 3°, 7°, 11°, 15°: a) speed of 5 km/h;
b) speed of 10 km/h
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In Table 4, the average values of flex—ext amplitude of both ankles for the sample are
shown, while in Fig. 8 these values are plotted.

Table 4. Average values of flex—ext amplitude for the right and left ankles of sample

Test | Left ankle [°] | Right ankle [°]
T1 26.1 24.8
T2 27.2 27.7
T3 29 29
T4 35.5 35.1
T5 36.5 37.6
T6 33.9 33.1
T7 35.4 35.6
T8 38.3 375
T9 38.5 39.3
T10 40.5 411
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Fig. 8. The average values of flex—ext amplitude [°] for both ankles, for all tests

The diagrams show that, for the same incline angle, the flexion—extension angles of
both ankle joints increase by 4-9°, with the increase of the walking speed from 5 km/h
to 10 km/h, the differences being bigger as the incline increase. The maximum values
of the right ankle varies from 25.8° reported for horizontal TM and 5 km/h to 41.1° for
an incline of 15° and 10 km/h. For the left ankle, the maximum value of flex—ext angle
varies from 26.1°, related for horizontal TM and 5 km/h until 40.5°, corresponding to
an incline angle of 15° and 10 km/h (Fig. 8). The values corresponding to the left ankle

are very close to those obtained for right ankle.

For the speed equal to 5 km/h TM the maximum value of ankle flex—ext angle
increases by 10-11.5°, while for 10 km/h TM speed, the angle increases by 6-8°, with
the increase of the TM incline from 0° inclination to 15° inclination.
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The classical graphs of the biomechanical time series collected during experimental
tests for different human joints show the variation of the angular positions of these
joints in relation to time and do not provide sufficient information regarding the
dynamics of the system. The phase plane portraits are 2D graphs that correlate the
angular positions of the studied joints (represented on the abscissa) with their
corresponding angular velocities (represented on the ordinate). In Fig. 9, 2D phase-
plane plots are shown for 6 tests performed by Subject 2 for: a) right ankle and b) left
ankle. Similar curves were obtained for all subjects.

From Figure 9, one can be seen that the phase portraits represented for the horizontal
TM show a more pronounced convergence in their trajectories, they are more compact,
while the trajectories obtained for the 10° inclined TM are more divergent, they do not
overlap on a smaller space and their spread is increasing. It can be seen that the phase
planes are almost concentric curves.

At normal speed of 5 km/h the amplitude of consecutive steps tends to be constant,
while at high speed of 10 km/h the amplitude varies.

4, Discussions and conclusions

In this article, we aimed to study the influence of the variation of inclination and
walking speed on the flexion-extension angle of the ankles in healthy subjects.
Kinematic changes in ankle flexion angles were studied during 10 experimental TM
walking tests, depending on TM speed and incline.

The average cycle was calculated for each test, for each subject, and for the entire
sample. A comparison is made between the average cycles of each test obtained for the
sample. Increasing the TM inclination leads to an increase in the maximum value of
the flex-ext angle. In this study, we used the Biometrics system for acquisition and
processing the biomechanical data, system based on wearable electrogoniometers in
order to evaluate the range of motion of human joints and the changes record in their
kinematics as influence of increase of TM speed and inline angle.

The advantages of using electrogoniometers on experimental evaluation are that are not
dangerous for human body, they can be used outside the laboratory for daily activities,
for monitoring the performance in sport, for diagnosing and monitoring the evolution
of different diseases, they are easy to be mounted and to be accepted by the subjects.
The results can be used as a data base for future studies including both healthy subjects
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and patients whose ankles are affected, taking into account the importance of this type
of human joint, its complexity. In the same time, the ankles are supposed to a big
exposure to the dynamic shocks during walking or running overground and on
treadmill, and the effects of instability and even, fall, over the quality of patients’ life
lead to a big risk of morbidity or mortality especially for the older people.

For future work, an increased number of subjects, as well as samples of patients
suffering of musculo-skeletal diseases, like stroke or Parkinson disease, will be
considered for the biomechanical evaluation, and new parameters will be considered,
like age, walking surface roughness and structure, emotional factors, in order to
identify multifactorial changes in human gait biomechanics.

References

[1] Muro-de-la-Herran A, Garcia-Zapirain B, Mendez-Zorrilla A., Gait analysis methods, an
overview of wearable and non-wearable systems, highlighting clinical applications. Sensors (Basel),
14, 2, 2014, p. 3362-3394.

[2] Tao W, Liu T, Zheng R, Feng H., Gait analysis using wearable sensors. Sensors (Basel), 12, 2,
2012, p. 2255-2283.

[3] Casamassima F, Ferrari A, Milosevic B, Ginis P, Farella E, Rocchi L., A wearable system for
gait training in subjects with Parkinson’s disease. Sensors (Basel), 14, 4, 2014, p. 6229-6246.

[4] Tarnita D., Wearable sensors used for human gait analysis, Rom J Morphol Embryol, 57, 2, 2016,
p. 373-382.

[5] Kun L, Inoue Y, Shibata K, Enguo C., Ambulatory estimation of knee-joint kinematics in
anatomical coordinate system using accelerometers and magnetometers, IEEE Trans Biomed Eng., 58, 2,
2011, p. 435-442.

[6] Takeda R, Tadano S, Natorigawa A, Todoh M, Yoshinari S., Gait posture estimation using
wearable acceleration and gyro sensors, J Biomech, 42, 15, 2009, p.2486-2494.

[7] van der Linden ML, Rowe PJ, Nutton RW., Between-day repeatability of knee kinematics during
functional tasks recorded using flexible electrogoniometry, Gait Posture, 28, 2, 2008, p. 292-296.

[8] Rowe PJ, Myles CM, etal., Validation of flexible electrogoniometry as a measure of joint
kinematics, Physiotherapy, 87, 9, 2001, p. 479-488.

[9] Watt JR, Franz JR, Jackson K, Dicharry J, Riley PO, Kerrigan DC., A three-dimensional kinematic
and kinetic comparison of overground and treadmill walking in healthy elderly subjects., Clin Biomech
(Bristol, Avon), 25, 5, 2010, p. 444-449.

[10] Han JT, Kwon YH, Park JW, Koo HM, Nam KS., Three-dimensional kinematic analysis during
upslope walking with different inclinations by healthy adults, J Phys Ther Sci, 21, 4, 2009, p. 385-391.
[11] Tamitd D., Petcu A.I. and Dumitru N., Influences of treadmill speed and incline angle on the
kinematics of the normal, osteoarthritic and prosthetic human knee. Romanian Journal of
Morphology and Embryology, 61, 1, 2020, p.199.

[12] Kang J, Chaloupka EC, Mastrangelo MA, Hoffman JR., Physiological and biomechanical
analysis of treadmill walking up various gradients in men and women, Eur J Appl Physiol, 86, 6, 2002,
p. 503-508.

[13] Tarnita D., Georgescu M., et al., Nonlinear Analysis of Human Ankle Dynamics, New Trends in
Medical and Service Robotics, 65, 2018, p.235.

[14] Asthepen JL, Deluzio KJ, Caldwell GE, Dunbar M J, Biomechanical changes at the hip, knee,
and ankle joints during gait are associated with knee osteoarthritis severity, J Orthop Res, 26, 3, 2008, p.
332-341.

[15] Tarnita D, Marghitu DB., Nonlinear dynamics of normal and osteoarthritic human knee, Proc
Rom Acad Ser A, 18, 4, 2017, p. 353-360.

[16] Chinn L., Dicharry J. and Hertel J., Ankle kinematics of individuals with chronic ankle



138  Tarnita D. and all/Experimental evaluation of the treadmill speed and incline...

instability while walking and jogging on a treadmill in shoes. Physical Therapy in Sport, 14, 4, 2013,
p. 232-239.

[17] Sinclair J., Richards J.I.M., Taylor P.J., Edmundson C.J., Brooks D. and Hobbs S.J., Three-
dimensional kinematic comparison of treadmill and overground running, Sports biomechanics, 12, 3,
2013, p. 272-282.

[18] Tarnita D., Geonea I., Petcu A., Experimental Human Walking and Virtual Simulation of
Rehabilitation on Plane and Inclined Treadmill. In Acoustics and Vibration of Mechanical Structures,
AVMS, 2017, p. 149-155, Springer, Cham.

[19] Nuesch C., Roos E., Pagenstert G. and Miindermann A., Measuring joint kinematics of
treadmill walking and running: Comparison between an inertial sensor based system and a camera-
based system. Journal of biomechanics, 57, 2017. p.32-38.

[20] Haggerty M, Dickin DC, Popp J, Wang H, The influence of incline walking on joint mechanics,
Gait Posture, 39, 4, 2014, p. 1017-1021.

[21] Popa D., Tarnita D., lordachita I. Study Method For Human Knee Applicable To Humanoid
Robots, International Workshop on Robotics in Alpe-Adria-Danube Region, RAAD, 2005, p.485-490.
[22] Petcu A., Georgescu M. and Tarnitd D., Actuation Systems of Active Orthoses Used for Gait
Rehabilitation, Applied Mechanics and Materials, 880, 2018, p.118.

[23] Geonea 1., Carbone G. et al., Design and Simulation of a Leg Exoskeleton Linkage for Human
Motion Assistance, New Trends in Medical and Service Robotics: Advances in Theory and Practice,
p. 82.

[24] Geonea I.D., Pisla D., Carbone G. et al., Dynamic Analysis of a Spherical Parallel Robot Used
for Brachial Monoparesis Rehabilitation, Applied Sciences, 11, 24, 2021, p. 11849.

[25] Pisla, D., Tarnita, D., Tucan, P. et al., A Parallel Robot with Torque Monitoring for Brachial
Monoparesis Rehabilitation Tasks, Applied Sciences, 11, 21, 2021, p. 9932.

[26] www.simi.com



