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Abstract: Nordic walking (NW) is a popular physical activity used to manage chronic diseases and
maintain overall health and fitness status. This study aimed to compare NW to ordinary walking (W)
with regard to pole length and to identify kinematic differences associated with different poles’ length
(55%, 65% and 75% of the subject’s height, respectively). Twelve male volunteers (21.1 & 0.7 years;
1.74 £ 0.05 m; 68.9 £ 6.1 kg) were tested in four conditions (W, NW55, NW65 and NW75) at three
different speeds (4-5-6 kmxh~1). Each subject performed a total of twelve tests in a random order.
Three-dimensional kinematics of upper and lower body were measured for both W and NW, while
oxygen consumption levels (VO,) and rating of perceived exertion (RPE) were measured only for
NW trials with different poles’ length. NW showed a higher step length, lower elbow motion and
higher trunk motion (p < 0.05) compared to W. Additionally, NW65 did not show any kinematic or
RPE differences compared to NW55 and NW75. Only NW?75 showed a higher elbow joint (p < 0.05)
and lower pole (p < 0.05) range of motion compared to NW55 and a higher VO, (p < 0.05) compared
to NW55 and NW65 at 6 km+h~!. In conclusion, the use of the poles affects the motion of the upper
and lower body during gait. Poles with shorter or longer length do not produce particular changes
in NW kinematics. However, increasing the length of the pole can be a smart variation in NW to
increase exercise metabolic demand without significantly affecting the kinematics and the RPE.

Keywords: Nordic walking; walking; 3D kinematics; biomechanics; gait analysis

1. Introduction

Walking with poles in an urban or natural environment is commonly known as
Nordic walking (NW), defined as an outdoor non-competitive fitness activity in which
the practitioners perform brisk walking with specially designed poles, similar to those for
cross country skiing, engaging also the upper body [1-3]. NW is widely and successfully
applied in the management of several not-transmissible chronic diseases, such as diabetes,
cancer, hypertension, obesity [4-9] or in case of joints diseases [10,11] or for general health
maintaining purpose [12,13].

Over an approximate period of 25 years, NW has received great attention by re-
searchers. The main attractive feature of NW, as a fitness activity, is the suggestion from the
literature about a higher request in terms of energy expenditure with respect to ordinary
walking (W). The average rate of oxygen uptake (VO,) is reported to be significantly higher

J. Funct. Morphol. Kinesiol. 2023, 8, 50. https://doi.org/10.3390/jfmk8020050

https://www.mdpi.com/journal /jfmk


https://doi.org/10.3390/jfmk8020050
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jfmk
https://www.mdpi.com
https://orcid.org/0000-0003-1902-4830
https://orcid.org/0000-0001-7312-8548
https://orcid.org/0000-0002-4084-3147
https://orcid.org/0000-0001-6419-5095
https://orcid.org/0000-0001-8616-5372
https://orcid.org/0000-0002-0690-4006
https://doi.org/10.3390/jfmk8020050
https://www.mdpi.com/journal/jfmk
https://www.mdpi.com/article/10.3390/jfmk8020050?type=check_update&version=1

J. Funct. Morphol. Kinesiol. 2023, 8, 50 2 of 21

in NW with respect to W at the same speed [3,14-21], without any increase in the rate of
perceived exertion [14,17,19-21]. These results reinforce the practice of NW as an activity
for weight loss and maintaining an optimal health status.

From a biomechanical point of view, NW is often compared to W with the aim to
understand if the use of the poles could affect the joint load. For this reason, the lower limbs
are mainly investigated [22], in particular the knee joint, obtaining, however, controversial
results [2,23-26] due to the different tested samples in which not always the knee joint
load was reduced in NW with respect to W. The upper body is mainly studied in terms
of muscular activation patterns [27]. Some studies suggest that NW can lead to increased
shoulder mobility and reduced tenderness in the shoulder girdle [28], as well as decreased
neck and shoulder pain [29]. In general, NW increases the walking distance and speed, as
well as the stride length, decreasing the cadence [30]. Moreover, NW increases the muscle
activation and the strength of upper limbs, as well as the upper and lower range of motion
and the ground reaction force [30].

According to the actual literature state of art, NW is deeply investigated but less
attention is given to the main element that differentiates NW from W: the pole. In NW,
the poles are investigated most of all for the force transmission profile [31,32] and it is
well-known that properly pushing the pole on the ground allows to increase the NW
metabolic benefits. Not by chance, there is a difference in the applied force on the ground
between NW instructors and recreational individuals [32]. Despite that, at present, few
information is available about the poles’ length and how this parameter can affect the body
kinematics. Usually, the NW poles are set approximately at 2/3 of the subject’s height
(height of the subject in centimeters+0.68) [23,32,33], but it is common to use them based on
comfort perception. For this reason, it is important to understand the number of kinematic
modifications that different pole lengths could induce. From a metabolic perspective, some
results are available about both different weight and length of the poles. About weight,
no differences were measured comparing NW with heavier (adding 0.5; 1 and 1.5 kg to
the pole) or standard poles on metabolic data, therefore there is no suggestion to use
heavier poles to increase the metabolic demand [34]. About length, poles lengths which are
self-selected caused greater energy expenditure than shorter poles only in uphill walking
but not on level walking [3]. No information is present about using longer poles and no
information is available about the kinematics of NW with different poles’ length. Moreover,
the increased metabolic demand of NW compared to W is well-known, but less is known
about the relationships between kinematics and VO, consumption during NW exercise.

It is reasonable to hypothesize that modifying the length of NW poles could affect gait
kinematics, as well as perceived fatigue and metabolic demand during exercise. Modifying
the poles’ length could lead to using the upper limbs in a different way to properly manage
the pole, and this modification could affect the motion of the spine and lower limbs.
Thus, this study aimed to (1) characterize the kinematics of NW compared to regular
walking, with a focus on upper body motion and (2) examine the effects of different pole
lengths on kinematics, metabolic demand and perceived fatigue during NW exercise. The
primary practical goal of this research is to provide evidence-based recommendations for
practitioners and instructors involved in NW training.

2. Materials and Methods
2.1. Design and Participants

This is a cross-sectional study design with a random crossover approach. Participants
were recruited as part of the undergraduate program of Sport Science at the University of
L’Aquila. The participation was on a voluntary base and the specific criteria of selection
included: no history of musculoskeletal or neurological pain in the last 6 months and to
be physically active. Participants never practiced NW. This was required as we wanted
to resemble as close as possible the activity of recreational and novice NW practitioners;
expert participants would have displayed different walking techniques and styles, biasing
the results. Due to the inexperience of the participants, they attended three preliminary
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weeks of supervised training with a NW instructor, to avoid a learning effect during the
study as Figard-Fabre et al. found [21]. The instructor taught the basic technique (diagonal
technique) according to the INWA guidelines [35]. Diagonal technique can be briefly
described as technique that seeks a position of the trunk inclined forward, with long strides
and active use of the arms without any limitation of flexion or extension [36]. Practices were
performed using a treadmill, at the same time of the day, 3 sessions/week, 1 h/session.

A total amount of 20 male participants were recruited but only 12 completed the
experiment (mean + SD: 21.1 &+ 0.7 years; 1.74 £ 0.05 m; 68.9 &+ 6.1 kg; 22.7 & 1.6 BMI;
12.8 £ 2.7% body fat). A power analysis of the sample was conducted, and 12 subjects were
sufficient to satisfy a power at 80% and an error probability at 5%. During the recruiting
phase and prior to the training phase, all participants were informed and gave voluntary
consent to participate in the study, and privacy criteria were meet. The study was approved
by the Ovidius University of Constanta Nr. 141 din 21 February 2023 in accordance with
the Declaration of Helsinki.

2.2. Instrumentation

The NW pole used was customized with a telescopic pole (Skitrab, Bormio, Italy; 210 g
of mass each) connected with a grip and a tip specific for NW (Swix, Lillehammer, Norway).
The choice to use a telescopic pole allowed to modify the length but not the weight of the
pole for each trial.

Kinematic data were collected using a 4 infrared 3-dimensional camera SMART integrated
System working at a sample rate of 60 Hz (BTS Bioengineering, Garbagnate Milanese, Italy.

Metabolic data were collected using a portable metabolimeter K4b2 (Cosmed, Roma,
Italy), calibrated before each test session.

All the tests were performed on a Cosmed T170 treadmill (Cosmed, Roma, Italy),
adapted by taking out frontal and lateral handlebars to allow participants to perform the
typical NW gesture without hitting the structure. The treadmill was calibrated according
to the literature [37] before the beginning of the experimental procedures.

The Figure 1 resumes the used instrumentation.

Figure 1. Schematic representation of the experimental setting. 1—Nordic walking pole. 2—3D
kinematic integrated system; 2a—Infrared camera; 2b—Reflective marker; 2c—Workstation.
3—Metabolimeter. 4—Treadmill and workstation for treadmill management.
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2.3. Procedure and Data Collection

Testing procedures were carried out in a Sport Performance Laboratory at a mean
temperature of 19 °C and a mean relative humidity of 51%, and each subject was tested at
the same time of the day, avoiding any circadian effect [38—40]. The first day of the training
period, all participants were tested for anthropometric measures aiming to find out the
three different poles’ length: classical, reduced and increased length 65%, 55% and 75%
of the participant’s height, respectively. The supervised training period was performed
with classical length poles (65% of subject’s height) as well as longer and shorter poles in a
random order. The last day of training, each individual received a personalized random
sequence of the test conditions.

Each participant performed a total amount of 12 tests. The experimental procedure
had 4 conditions, each condition was tested during a single day and each test day was
separated by 7 days or rest. The test conditions were: ordinary walking (W) and NW with
poles at different lengths (65%, 55%, 75% of the subject’s height defined as NW65, NW55,
NW?75). The length of the pole was measured from the insertion of the lace in the handle
to the tip final extremity (Figure 2). Each condition was tested at 3 different fixed speeds
4-5-6 kmxh~! [41] and no slope was applied to the treadmill. Conditions were randomly
assigned while speeds were always administered from the slowest to the faster one. Each
trial lasted 10 min and a resting period of 20 min was observed between each trial test.
Table 1 resumes a real example of randomized sequence for one single participant. During
tests, kinematic data, rating of perceived exertion (RPE) and oxygen consumption (VO,)
were collected.

| Length of the pole I

Figure 2. Landmarks for measurement of NW pole’s length, from left to right: insertion of the lace in
the handle and tip final extremity.

Table 1. Real tests sequence of a participant. The sequence of the conditions was randomly assigned
while the speeds were always administered from the slowest to the faster one (4-5-6 km+h~'). Each
trial, represented as an “X”, lasted 10 min and a resting period of 20 min was observed between each

trial test.
Week 1 Week 2 Week 3 Week 4
Condition Speed (kmxh~1) Speed (kmxh—1) Speed (kmxh—1) Speed (kmxh—1)
4 5 6 4 5 6 4 5 6 4 5 6
W X X X

NW55 X X X
NW65 X X X
NW?75 X X X

W—Walking. NW55—Nordic walking with pole length adjusted at 55% of subject’s height. NW65—Nordic
walking with pole length adjusted at 65% of subject’s height. NW75—Nordic walking with pole length adjusted
at 75% of subject’s height.

2.3.1. Kinematic Data

Kinematic analysis was conducted using a model of 18 body reflective markers
(Figure 3), positioned on the most used body landmarks according to other studies about
NW or motion analysis [2,23,25,26,42-47].
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Body landmark

Placement

Base of the neck Skin - Seventh cervical vertebra (C7)

Shoulder (R and L) Skin - Prominent upper point of the palpable Acromion
Elbow (Rand L) Skin — Humerus lateral epicondyle
Wrist (Rand L) Skin - Mid-way between ulna and radius epiphysis

Spinal lumbar zone Skin - Mid-way between the PSIS of R and L (S1)

Hip (Rand L) Skin - Prominent palpable point of the femur (Trochanter)
Knee (Rand L) Skin - Lateral condyle of femur

Ankle (Rand L) Skin - Lateral malleolus

Heel Rand L) Shoe - Heel at the back

Foottip (Rand L) Shoe - Center of shoe tip
Pole (R and L)

R - right, L - left.

On the top, middle and lowest part of the pole

Figure 3. Position of the reflective markers. (A)—Kinematic used model for the automatic recognition
of the body landmarks. (B)—Detailed description of the position for each reflective marker on
body landmarks.

The last two minutes of each trial were taken into account for the kinematic analysis,
aiming to reduce the stride variability [48]. Smoothing procedures and missing frames
were managed through the SMART Analyzer software (BTS Bioengineering, Garbagnate
Milanese—TItaly). Once the raw kinematic data were processed, a ratio between the step
length and the elbow horizontal displacement was also calculated (SL/EHD ratio), with
the aim to understand if the use of the poles addressed some changes in the upper limbs
motion in NW with respect to W. All the kinematic data were measured on the right side
of each subject in order to standardize the process. Table 2 resumes and describes the
kinematic parameters acquired for each test.

Table 2. Detailed description of each parameter measured with kinematic analysis.

Parameter Description

Peak vertical acceleration after the push
off phase of the foot on the ground
Vertical displacement of the marker on
C7 from the lowest to the highest point

C7 vertical acceleration peak (mxs~2)

C7 vertical displacement (cm)

Upper body for each step
. . Maximal horizontal displacement of the
Elbow horizontal displacement (cm) elbow on the sagittal plane for each step
Angular displacement of the elbow from
Elbow A angle (°) the maximum flexion to the maximum
extended position
Speed of the elbow during the forward
; -1 P &
Elbow advancing speed (ms™") movement from back to front
Slope of the spine calculated by the
Spine forward slope (°) inclination of the S1-C7 segment from
the vertical position
Vertical displacement of the marker on
S1 vertical displacement (cm) S1 from the lowest to the highest point
for each step
Step length (m) Horizontal displacement of feet
Lower body Step frequency (Hz) Number of steps per second
Tip sagittal displacement (m) Horizontal displacement of the pole tip
Movement frequency (Hz) Number of pole pushes per second
Poles Minimum slope (°) Minimum inclination of the pole

Maximum slope (°) Maximum inclination of the pole
Angular displacement of the pole from
the maximum to the minimum

inclination of the pole

A Slope (°)

Measures for elbows, feet and poles were taken all on the right side for the entire sample. Note: all the data are
expressed as an average value of all gait cycles.
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2.3.2. Fatigue and Metabolic Data

VO, was measured using a wearable metabolimeter during the whole duration of
each test and the last seven minutes were taken into account for the metabolic analysis.
The evaluation of the average oxygen consumption of each NW trial was used to look for
correlations between kinematics and metabolic demand in NW exercise. Due to the well-
known metabolic difference between NW and W [3,14-21], VO, consumption during W
was not considered in this study. Anyway, the metabolimeter was worn as well even during
W trials in order to avoid perceived comfort difference with respect to NW. Immediately
after each trial, the participants indicated their rating of perceived exertion using the
category rating-10 (CR-10) scale modified by Foster et al. [49].

2.4. Statistical Analysis

All data were tested with the Shapiro-Wilk’s test for normality. As data were nor-
mally distributed, parametric inferences were used for the analysis. Kinematic differences
between NW65 and W were tested using the Student paired ¢-test, while to measure kine-
matics differences in NW with different poles” height, an ANOVA design for repeated
measures with Sidak correction was used. Finally, the Pearson correlation coefficient was
used to look for a correlation between kinematic and metabolic data. The significant level
was set at p = 0.05 and the data were analyzed using SPSS (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Kinematic Differecences between NW65 and W

According to statistical analysis, kinematic data in NW65 showed significant differ-
ences with respect to W, for all the three tested speeds. Most of the significant differences
involved the upper body segments (Table 3).

Table 3. Differences between NW65 and W for kinematics.

4 kmxh-1 5 kmxh-1 6 kmx«h-1
Parameter NW w 4 NW w NW w 4

Mean Mean Value Mean Mean Value Mean Mean Value

(SD) (SD) (SD) (SD) (SD) (SD)
C7 vertical acceleration peak (mx*s~2) 3.0(0.3) 3.0(0.3) 0.805 3.3(0.3) 3.1(0.3) 0.127 3.7(0.4) 3.5(0.4) 0.002 *
C7 vertical displacement (cm) 3.5(0.5) 3.2(0.5) 0.010 * 4.7 (0.7) 4.0(0.7) 0.000 * 5.7 (1.0) 5.1(0.8) 0.007 *
Elbow horizontal displacement (cm) 10.9 (4.3) 15.9 (2.9) 0.002 * 12.7 (3.4) 17.4 (2.9) 0.001 * 14.1 (4.3) 18.3 (3.3) 0.001 *
Elbow A angle (°) 34.0 (8.6) 22.1(6.5) 0.005 * 35.3 (8.8) 29.8 (5.7) 0.141 36.4 (10.3) 36.5 (6.9) 0.970
Elbow advancing speed (mxs™!) 0.2 (0.1) 0.3 (0.1) 0.003 * 0.2 (0.1) 0.3 (0.1) 0.001 * 0.3 (0.1) 0.4 (0.1) 0.000 *
Spine forward slope (°) 9.3 (2.6) 8.7 (2.1) 0.109 10.0 (3.3) 9.1 (2.3) 0.032 * 10.9 (2.5) 10.1(2.1) 0.067
S1 vertical displacement (cm) 3.1(0.6) 2.7 (0.6) 0.001 * 45 (1.5) 3.7 (0.8) 0.033* 5.5 (1.1) 4.9 (0.9) 0.020*
Step length (m) 0.66 (0.04)  0.64 (0.03) 0.036 * 074(0.04)  071(0.04)  0000*  080(0.05) 0.77(0.04)  0.006*
Step frequency (Hz) 0.85 (0.08) 0.86 (0.03) 0.750 0.91 (0.04) 0.95 (0.03) 0.004 * 0.99 (0.05) 1.02 (0.03) 0.010 *
SL/EHD ratio (cm) 73 4.12 0.023 * 63 4.2 0.004 * o4 44 0.005 *

4.1) 0.8) (2.0) 0.7) ’ (2.5) 0.8)

W—walking. NW65—Nordic walking with pole length adjusted at 65% of subject’s height. SL/EHD ratio—ratio
between the step length and the elbow horizontal displacement. * significant difference between NW and W.

The use of the poles significantly increased both the C7 and the S1 vertical displacement
for all speeds; even the elbow horizontal displacement and the elbow advancing speed
resulted significantly lower in NW compared to W, while the step length was higher in NW
in comparison with W for all tested speeds.

3.2. Kinematic Differecences between NW with Different Poles’ Length

A limited number of significant differences were found for kinematics between NW
with different poles’ length (Figure 4). For all the three tested speeds, no differences were
measured between NW65 and NW75, while only one significant difference was measured
at 6 kmxh~! between NW55 and NW65 for the pole A slope (31.7 + 2.6° and 28.0 + 3.2°,
respectively, p = 0.013). Significant differences were measured between the shorter and the
longer poles’ length, NW55 and NW?75, particularly on the elbow and poles kinematics. At
4 kmxh~1, three significant differences were measured between NW55 and NW75: (1) pole
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minimum slope (14.5 &+ 6.6° and 25.7 £ 10.7°, respectively, p = 0.013); (2) pole maximum
slope (41.8 & 4.4° and 49.5 £ 4.0°, respectively, p = 0.028); (3) pole A slope (27.3 + 3.2°
and 23.4 4 2.5°, respectively, p = 0.010). At 5 kmxh~1, four significant differences were
measured between NW55 and NW75: (1) elbow A angle (30.7 £ 6.5° and 41.9 + 13.3°,
respectively, p = 0.027); (2) pole minimum slope (13.5 £ 5.5° and 27.4 £ 9.0°, respectively,
p = 0.000); (3) pole maximum slope (42.9 & 4.0° and 51.1 & 7.1°, respectively, p = 0.001);
(4) pole A slope (29.4 & 2.7° and 24.7 + 2.8°, respectively, p = 0.003). Finally, at 6 kmxh~!,
four significant differences were measured between NW55 and NW75: (1) elbow A angle
(31.7 & 7.1° and 42.8 £ 12.0°, respectively, p = 0.031); (2) pole minimum slope (13.7 & 6.4°
and 27.7 £ 7.0°, respectively, p = 0.000); (3) pole maximum slope (45.5 + 4.3° and 54.2 £ 5.3°,
respectively, p = 0.002); (4) pole A slope (31.7 £ 2.6° and 26.5 & 3.0°, respectively, p = 0.000).
The results for all the data measured can be read in Appendix A.

Angle (°)
60

55
50
45
40

3

&

3

=)

2

o

2

o

1

o

10

Angle (°)
60

55
50
45
40
35
30
25
20

15

10

e Elbow A angle Poles minimum slope
ONWES
aNw7s * *
ﬂ ﬂ ﬂ ) |
*
Poles A slope Poles maximum slope
— — —
*
1
*
* :;\

5 6 4 5 6
Speed (km*h) Speed (km*h)

Figure 4. Kinematic differences between NW using different poles” length. NW55—Nordic walking
with pole length adjusted at 55% of subject’s height. NW65—Nordic walking with pole length
adjusted at 65% of subject’s height. NW75—Nordic walking with pole length adjusted at 75% of
subject’s height. * significant difference.

3.3. Correlations between Metabolic Data and Kinematics in NW

No differences were measured in RPE for NW with different poles’ lengths at the same
speed; while two significant differences were measured at 6 kmxh~! between NW55 and
NW?75, as well as between NW65 and NW75 for VO, (21.7 +£ 1.7 rnL>s<1<g’1>i<min’l and
24.1 + 2.2 mLxkg~'+min~!, respectively, p = 0.002 and 22.2 4 2.9 mLxkg~!'*min~! and
24.1 + 2.2 mLxkg~'xmin~!, respectively, p = 0.030) (Figure 5).
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Exercise RPE

RPE no significant differences
mNW55

oNWe5
9 1 aNW75

10 4

e mm HN

Exercise VO,

VO,
(ml*kg-"*min-") *
30 - |

25 4

1
20 -
15
10 ~
5 |
0 T T )
4 5 6

Speed (km*h-")

Figure 5. Fatigue perception and oxygen consumption differences between NW using different
poles’ length. RPE—Rating of perceived exertion. VO,—Oxygen consumption. NW55—Nordic
walking with pole length adjusted at 55% of subject’s height. NW65—Nordic walking with pole
length adjusted at 65% of subject’s height. NW75—Nordic walking with pole length adjusted at 75%
of subject’s height. * significant difference.

Significant correlations were measured between metabolic data and kinematics in
NW. In NW65 at 6 kmxh~!, the S1 vertical displacement significantly correlated with VO,
(r=0.59 p = 0.043). In NW75 at 4, 5 and 6 kmxh~!, significant correlations were found
between the spine forward slope and the VO, (r =0.71 p = 0.010; r = 0.69 p = 0.014; r = 0.71
p = 0.010, respectively, for each tested speed). In NW75, another two correlations were
measured: one at 4 kmxh~! between poles A slope and VO, (r = 0.63 p = 0.027) and another
one at 6 kmxh~! between elbow A angle and VO, (r = 0.61 p = 0.036). No significant
correlations were found at any speed for NW55.
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4. Discussion

This study aimed to characterize the kinematics of NW compared to W and to examine
the effects of different pole lengths on kinematics, metabolic demand and perceived fatigue
during NW. The study of the effect of different poles” length on gait kinematics is the
main novelty of the investigation. Additionally, exploring the relationship between NW
kinematics and exercise VO, consumption could provide a new perspective on NW training
and practice.

The main attention in NW from a biomechanical point of view is usually focused on
lower limbs [22]. Conversely, the most interesting aspect of this investigation is the use
of a 3D kinematic model for the study of the upper body segments. Finally, by utilizing
a treadmill, we were able to maintain a constant speed throughout the tests, resulting in
a more accurate comparison of the impact of various pole lengths on both kinematic and
metabolic data.

4.1. Kinematic Differecences between NW65 and W

Significant differences in kinematics were found for all the tested speeds between
NW65 and W. The use of the poles during walking seems to affect the gait kinematics both
for the upper and lower body. The measured differences are significant but relatively small.
This point can be considered delusive, but it should be considered that the NW is a physical
activity that is performed for a long time during the training session, therefore it is logical
to mind that even small differences can affect the final energy expenditure of the exercise.

The poles affect the vertical displacement of the two segments of the spine, C7 and 51,
increasing the muscular work against gravity. In fact, in NW65, a moderate positive but
significant correlation is present between the vertical displacement of S1 and the VO,. The
use of the poles in NW not only allows a higher use of the upper limbs musculature [50]
but engages all the trunk muscles [51-53], reflecting a higher vertical displacement of the
whole spine.

With respect to the upper limb motion, particular attention was paid to the elbow.
A significant difference for the angle displacement of the elbow was measured between
NW and W only for the slower speed, 4 km+h ™!, in fact NW showed a higher angle
displacement with respect to W. This difference disappeared when the gait speed increases,
higher speeds showed a similar elbow angle. On the other hand, significant differences
were observed between NW and W at all tested speeds, both in terms of elbow horizontal
displacement and elbow advancing speed. In both cases, the NW values were smaller
with respect to W, this can be addressed by the presence of the poles. It is reasonable to
hypothesize that the pole’s presence can affect the motion of the upper limbs both on the
coordinative and on the kinematics profile, due to the necessity to push the pole against the
ground [32]. It is well-known that the pole’s weight does not affect the oxygen consumption,
but only the muscle activation [34]; thus, the motion of the elbow is mainly affected by the
pole’s usage but not by its weight. The result of the present study cannot confirm at all
this hypothesis but the presence of the positive significant correlation for NW75 between
the elbow angle displacement and the VO, can suggest that more research in this area is
needed to clear this aspect.

For the lower body kinematics, NW showed a significantly higher step length with
respect to W and this aspect could explain the advantages of NW for special populations,
such as diabetic people [54,55]. To increase the step length results in engaging the ankle and
hip motion much more, therefore this information can be relevant in all cases where higher
ankle and hip motion is required: such as sedentary or pathological individuals [10,11,56].
The results of this research, about step length and step frequency, are consistent with
previous studies [19,25] but with different absolute values. Willson et al. [25] observed
an increase in step length up to 20 cm, whereas the difference observed in the present
research is smaller (approximately 3 cm). However, it is important to note that there are
methodological differences between the two experimental protocols as other researchers
used self-selected and faster walking speeds compared to the present study. Therefore, it is
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reasonable that the difference in step length could depend on the absolute different speed
used for the tests.

Finally, as a direct consequence of the effect of the poles on the elbow motion and
step length, even the SL/EHD ratio is significantly different between NW and W. The
SL/EHD ratio is the mathematical ratio between the step length and the elbow horizontal
displacement. It could be considered as a coordinative aspect of the gait. For all tested
speeds, NW showed higher values of this ratio compared to W, because NW led to higher
step length but smaller elbow horizontal displacement. This information confirms that the
use of the poles can modify the gait spatiotemporal parameters.

4.2. Characterization of NW with Different Poles’ Length

The second aim of this research was to examine the effects of different pole lengths on
kinematics, metabolic demand and perceived fatigue during NW. Usually, the suggested
length of the poles is set approximately at 2/3 of the subject’s height [23,32,33]; thus, in this
research, the poles were set at 55%, 65% and 75% of the subject’s height. It would have
been plausible to hypothesize that the use of shorter or longer poles could have influenced
the spine inclination or the upper limb motion with respect to the classical length, but
no statistical kinematic differences were measured between NW65 and NW55 or NW75
for all the tested speeds. No statistical differences were measured even for exercise RPE,
suggesting that the length of the poles does not affect the perceived fatigue at any speed.

The use of different poles” length determined a limited number of significant differ-
ences both on the kinematic and metabolic profile: all the differences were related to the
NW?5 condition. In fact, NW75 showed a higher elbow angular displacement and a lower
change of poles’ slope with respect to the ground compared to NW55. The significant
difference was present for all tested speeds. It is rationale to assume that the higher elbow
angular displacement and the position of the pole constantly inclined with respect to the
ground enable the participants to optimize the use of the pole during the pushing phase.
The latter interpretation can be read in light of the significant increase of VO, consumption
at 6 kmxh~! measured in NW75 compared to NW55 and NW65. These results are consis-
tent with literature that suggests keeping the pole inclined for pushing optimization [21].
Therefore, the use of a longer pole can be beneficial for NW practitioners due to the in-
creased metabolic demand without any effect on kinematics and exercise RPE compared
to classical length. On the other hand, no reasons seem to be present for suggesting to
reduce the length of the pole (NW55) in level walking, whereas it seems useful on uphill
walking [3].

The absence of substantial significant kinematic differences between the different
pole length conditions may seem odd, but it is important to consider that the sample
for this research was deliberately chosen to have no previous experience. Although the
participants underwent a training period before the tests, they were not as skilled as
regular practitioners. Therefore, it is plausible to assume that the absence of specific NW
coordination and technique allowed the participants to respond in a similar way to the
different pole lengths. This perspective can be viewed positively when working with novice
subjects, but this data cannot be applied to skilled practitioners without specific research.

Based on the research findings, NW instructors can opt for a different pole length
compared to the traditional one when instructing novices. This is because it is widely
known that the level of comfort does not vary between poles with different lengths [3].
Furthermore, novice practitioners may be advised by NW instructors to use a longer pole
length (75% of the subject’s height) if their objective is to increase metabolic demand
during exercise without altering the kinematics of the movement and the exercise RPE.
This recommendation may be particularly useful in the management of metabolic clinical
conditions, such as overweight and obesity [55,57,58]. This practical application can be
considered the main novelty of this research.
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4.3. Limitations

The findings of this study are applicable solely to young male novice NW practitioners.
It would be highly interesting to replicate the same experimental protocol using participants
of different genders and ages. Additionally, this research did not provide any insights
into the subject’s adaptation or learning process during the training period, nor did it
examine the comfort levels associated with the use of a specific pole during extended
training sessions. Therefore, this study may be viewed as a preliminary exploration of the
topic, and further research is warranted to enhance the practical information available to
NW instructors.

5. Conclusions

Nordic walking (NW) differs from ordinary walking in both kinematic and metabolic
profiles. The use of poles influences the movement of the upper and lower body. The
length of the poles, whether shorter or longer than the standard size (about 2/3 of the
subject’s height), does not significantly alter the kinematics of NW, with the exception of
a comparison between longer and shorter poles, where longer poles significantly impact
elbow angular displacement and pole angle relative to the ground. These differences
may explain the higher VO, consumption associated with longer poles, without any
corresponding increase in exercise RPE. In summary, this study sheds light on pole-length
selection, suggesting that reducing the length of poles offers no benefit to ground-level
NW, while increasing pole length provides a viable method to increase metabolic demand
without impacting kinematics or perceived fatigue. Furthermore, the use of telescoping
poles may offer a convenient way to adapt poles to varying needs.
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The Appendix A contains:

All the figures for the kinematic parameters described in Table 3;
All the results for the data described into the Section 3.2. Kinematic differences
between NW with different poles’ length.
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Figure A1. C7 vertical displacement (used to calculate acceleration).

Figure A2. Elbow horizontal displacement (used to calculate advancing speed).
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Figure A3. Elbow A angle (maximal extension and maximal flexion).
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Figure A4. Spine forward slope.

Figure A5. S1 vertical displacement.



J. Funct. Morphol. Kinesiol. 2023, 8, 50 15 of 21

Figure A6. Step length.
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Figure A7. Tip sagittal displacement.
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Figure A8. Pole minimum slope.

Figure A9. Pole maximum slope.



J. Funct. Morphol. Kinesiol. 2023, 8, 50 17 of 21
Table A1. Kinematic differences between NW55, NW65 and NW75 at 4 kmxh 1.
4 kmxh—1
Parameter 11\\1/1‘:’:1? 1:/[‘2]:1? 11\\1/1‘:’:1? Va’ljue Varljue Varljue
(SD) (SD) (SD) 55-65 65-75 55-75
C7 vertical acceleration peak (mxs~2) (g:;) (g:g) (8:51,) 0.948 0.894 0.998
C7 vertical displacement (cm) (S:Z) (8:2) (gig) 0.559 0.322 0.973
Elbow horizontal displacement (cm) (13009) (14039) (1 4252) 1.000 1.000 0.802
Elbow A angle (°) &’76) (384."6(; (;"gé) 0.888 0.293 0.081
Elbow advancing speed (mxs~1) (8:%) (8:% (8:%) 0.948 0.855 0.549
Spine forward slope (°) (g:Z) (Z:Z) (2:2) 0.968 1.000 0.982
S1 vertical displacement (cm) (gé) (8:2) (g:;) 0.946 1.000 0.946
Step length (m) (882) (8(6)2) (8(6)?7)) 0.590 0.963 0.857
Step frequency (Hz) (825) (8(8)2) (ggi) 0.520 0.412 0.998
Tip sagittal displacement (m) (882) (885) (ggg) 0.913 0.480 0.853
Movement frequency (Hz) (ggi) (8(8)2) (8(8)2) 0.748 1.000 0.763
Minimum slope (°) (1 : 65) (291;; (%(5);) 0.176 0.606 0.013 *
Maximum slope (°) (tlf) (465753 éfos) 0411 0.475 0.028 *
A Slope (°) (23725; (23422) (22354) 0.054 0.884 0.010 *
SL/EHD ratio (cm) (2:2) (Z:i’) (g:;}) 0.979 0.879 0.985
NWS55, Nordic walking with pole length adjusted at 55% of subject’s height. NW65, Nordic walking with pole
length adjusted at 65% of subject’s height. NW75, Nordic walking with pole length adjusted at 75% of subject’s
height. * significant difference.
Table A2. Kinematic differences between NW55, NW65 and NW75 at 5 kmxh 1.
5 kmxh—1
Parameter 11\\14‘::5 11:14‘/::1? 11\\1/1‘:7:1? VaFl,ue Vali,ue VaFl’ue
(SD) (SD) (SD) 55-65 65-75 55-75
C7 vertical acceleration peak (m#s~2) (gé) (g:g) (3:2) 1.000 0.962 0.949
C7 vertical displacement (cm) (3:67)) (3:;) (g:g) 0.990 0.999 0.967
Elbow horizontal displacement (cm) (1332(; (13247) (14307) 0.993 0.870 0.960
Elbow A angle (°) (36057) (3858?; (gz) 0.599 0.298 0.027 *
Elbow advancing speed (m#s~1) (8:5) (8:%) (8:%) 1.000 0.558 0.536




J. Funct. Morphol. Kinesiol. 2023, 8, 50 18 of 21

Table A2. Cont.

5 kmxh—1
Parameter 11\\1/1‘:’:1? 1:/[‘2]:1? 11\\1/1‘:’:1? Va’ljue Varljue Varljue
(SD) (SD) (SD) 55-65 65-75 55-75
Spine forward slope (°) (13011) (13030) (1207(; 1.000 1.000 1.000
S1 vertical displacement (cm) (gé) (;l:g) é:g) 0.994 0.761 0.885
Step length (m) (83; (831) (0%73) 0.987 0.721 0.522
Step frequency (Hz) (88;) (83i) (832) 0.944 0.848 0.532
Tip sagittal displacement (m) (8(6)2) (8(6)2) (882) 0.906 0.950 0.999
Movement frequency (Hz) (88?1)) (831) (8(9)2) 0.971 0.499 0.759
Minimum slope (°) (15?55) (28181) (297.'04) 0.071 0.171 0.000 *
Maximum slope (°) (t209) (45882) (57211) 0.090 0.289 0.001 *
A Slope (°) (229;‘) (2;"91) (224.'87) 0.231 0.213 0.003 *
SL/EHD ratio (cm) (?:2) (g:g) (g:% 0.972 0.900 0.994
NW55, Nordic walking with pole length adjusted at 55% of subject’s height. NW65, Nordic walking with pole
length adjusted at 65% of subject’s height. NW75, Nordic walking with pole length adjusted at 75% of subject’s
height. * significant difference.
Table A3. Kinematic differences between NW55, NW65 and NW75 at 6 kmxh 1.
6 kmxh—1
Parameter 11\\1/1‘:7:’1? 1:4‘/::1? 11\\1/1‘:7:1? Varl’ue Varljue Varljue
(SD) (SD) (SD) 55-65 65-75 55-75
C7 vertical acceleration peak (mxs~2) (S:Z) (SIZ) (g:;) 0.996 0.997 0.973
C7 vertical displacement (cm) (gzg) (?:(7)) (?:;) 0.992 0.999 0.973
Elbow horizontal displacement (cm) (13472) (1 4431) (14546) 1.000 0.752 0.811
Elbow A angle (°) (;.12'{) (?8421) (gg) 0.602 0.328 0.031 %
Elbow advancing speed (mxs~1) (8:?) (8:?) (8:?) 1.000 0.685 0.644
Spine forward slope (°) (12194) (12059) (12183; 0.969 0.985 1.000
S1 vertical displacement (cm) (50685) (51419) (51365) 0.989 0.970 0.869
Step length (m) (8(8)1) (8(8)2) (8(7)2) 0.995 0.822 0.691
Step frequency (Hz) 098 099 1.00 0.929 0.966 0.711

(0.03) (0.05) (0.04)
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Table A3. Cont.

6 kmxh—1
Parameter 11\\1/1‘:7:1? 1:/[‘2]:1? ll\\I/I‘e/V:E Va’ljue Varljue Va;laue
(SD) (SD) (SD) 55-65 65-75 55-75
Tip sagittal displacement (m) (ggz) (832:) (832) 0.913 0.998 0.964
Movement frequency (Hz) (8(9)2) (8(9)2) ((1)82) 1.000 0.963 0.975
Minimum slope (°) (16347) (28141) (27707) 0.059 0.095 0.000 *
Maximum slope (°) ?4535) (46981) (55432) 0.337 0.088 0.002 *
A Slope (°) (32167) (2382(; (23605) 0.013* 0.500 0.000 *
SL/EHD ratio (cm) (61(38 (62368) (51477) 0.943 0.579 0.884

NWS55, Nordic walking with pole length adjusted at 55% of subject’s height. NW65, Nordic walking with pole
length adjusted at 65% of subject’s height. NW75, Nordic walking with pole length adjusted at 75% of subject’s
height. * significant difference.
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