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Abstract: The cycling literature is filled with reports of electromyography (EMG) analyses for a better
understanding of muscle function during cycling. This research is not just limited to performance,
as the cyclist’s goal may be rehabilitation, recreation, or competition, so a bicycle that meets the
rider’s needs is essential for a more efficient muscular activity. Therefore, the purpose of this study
was to understand the contribution of the activity of each of the following muscles: TD (trapezius
descending), LD (latissimus dorsi), GM (gluteus maximus), and AD (anterior deltoid) in response to
different bicycle-rider systems (handlebar height; bicycle frame length) and intensities in a bicycle
equipped with a potentiometer. Surface EMG signals from muscles on the right side of the body were
measured. A general linear model test was used to analyze the differences between muscle activation
in the test conditions. Effect sizes were calculated using a partial Eta2 (52). The level of significance
was set at 0.05. Muscle activation of different muscles differs, depending on the cycling condition
(Pillai’s trace = 2.487; F (36.69) = 9.300; p < 0.001. 112 = 0.958), mostly during low intensities. In high
intensities, one specific pattern emerges, with a greater contribution of GM and TD and weaker
participation of LD and AD, enhancing the cycling power output.

Keywords: cycling; electromyography; handlebar height; bicycle frame

1. Introduction

The popularity of the bicycle as an economical means of transportation and an effec-
tive tool for fitness and rehabilitation [1] justifies the number of biomechanical elements
studied. Over the years, the biomechanical aspects of cycling that have been studied
have included joint kinematics [2-11], kinetics [7,10,12-14], muscle activity using elec-
tromyography (EMG) [6,10,11,15-17], energy expenditure [2,18,19], effects of different
workloads [20,21], cycling cadences [22,23], positioning of the subject on the bicycle [24-26],
and performance of road racing/vibration behaviors [27,28]. All these elements are studied
regarding performance, regardless of whether a cyclist’s goal is rehabilitation, recreation,
or competition.

During cycling, the mechanical actions of the muscles are transmitted to the bicycle at
different points of interaction, such as the handlebars, pedals, and seat. It is clear that the
force applied to the handlebars and seat does not directly generate power, but these contact
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points address some concerns for investigation [29]. The biomechanics and efficiency of
cycling are affected by seat height, crank arm length, and foot position [30]. The forces
applied to the seat originated from the upper body weight, from the action of the arms on
the handlebars, and from the reaction forces of the legs on the hip joint vary depending on
the force produced by the legs [31]. When this force increases, there is an upwards force
production (increased reaction forces at the hip joint) and the cyclist usually compensates
for these forces by pulling on the handlebars and the pedals until they reach a point of a
standing position [32].

Moreover, in relation to the upper limbs, while the cyclist is sitting on the bike, his
arms act as force absorbers, resulting in the momentary imbalance typical of the pedaling
gesture (cycling requires alternating right and left leg forces on the crank) [32]. In addition,
considering the upper limbs and the contact with the handlebars, the force production that
could be transferred to the lower limbs through the hip is only 3-5% of the crank power
output [33]; however, the upper limb muscles facilitate reaching the highest power outputs,
providing stable support for the action of the legs [34]. Regarding the handlebar height,
some researchers have demonstrated that different handle heights change the rider’s trunk
inclination and indirectly influence the stress on different parts of the rider’s body.

Sloane [35] and Delong [36] concluded that when riding on bikes with upward-bent
handlebars, the upper body of the rider will be erected, shifting most of the body weight
onto the saddle, thus compressing the intervertebral disks. Matheny [37] and Richmond [38]
found that if the height of the handlebars is too low, it increases the probability of oppres-
sion on the nerves around the haunch, as well as symptoms caused by overuse, such as
health problems involving the pudendal area in women and the prostate area in men.
According to Chen and He [39], different handle heights caused various riding postures,
resulting in different cervical and lumbar curvatures. The bicycles with higher handlebars
were recommended when considering the spinal curvatures. These elements suggest that
hand positioning may have a significant influence in the context of maximum power pro-
duction [29]. Most bicycle adjustments are made to achieve a comfortable riding position
and adequate range of motion in the lower extremities [40]. Therefore, geometric factors
such as the handlebars height, as we have seen before, and the length of the bicycle frame,
are generally adjusted to optimize the position of the bike seat.

Optimal bicycle rider position may be considered as a position in which force applica-
tion and comfort are maximized, while resistive forces and risk of injury are minimized,
in order to maximize bicycle velocity [41]. Concerning the bicycle frame, Ricard et al. [42]
compared the effect of bicycle seat tubes on power production and EMG of four lower limbs
muscles and verified that increasing the seat tube angle from 72° to 82° enabled triathletes
to maintain power production, while significantly reducing the muscular activation of the
bicep femoral muscles. Johnston [30] observed that the biomechanics and efficiency of
cycling are affected by the seat height, crank arm length, and foot position. The point is
to improve the comfort of cycling, bearing in mind the concept of “fitting an object to the
human body” [43].

The cycling literature is filled with reports of EMG analyses for better understanding
of the way muscles work when cycling, e.g., during pedaling exercises [32,44], regarding
the variations of seat tube angle on muscle activation [45], according to the design of the
bicycle frame [42], and during upright cycling [45,46], elliptical cycling [46,47], recumbent
cycling [48,49], treadmill cycling [50], and uphill cycling [51]. Specifically considering the
activity of the muscles of the upper limbs during cycling, we can observe studies related to:
lumbar erector spinae [32,50,51], the latissimus dorsi (LD) [32,52], the brachioradialis [32,52,53],
biceps brachii [32,51-53], anterior deltoid [32], triceps lateralis [32], triceps brachii [51-53], upper
trapezius [53], rectus abdominis [51], flexor carpi radialis, extensor digitorum (ED), and flexor
digitorum [32]. Although the previous studies provided useful knowledge concerning the
muscular activity during cycling, the body of literature remained insufficient to understand
the effect on muscular activity of different handlebar heights and bicycle frame lengths
during cycling in order to support the work of researchers, coaches, and cyclists.
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The muscular activity of the upper limbs in cycling is of relevant interest, and research
in this area is scarce compared to that regarding the lower limbs, despite the fact that local
fatigue contributes to global fatigue and influences sports performance in cycling. Hence,
the purpose of this experimental study was to address the contribution of muscle activity,
other than lower limbs, using different bicycle-rider systems (handlebar height; bicycle
frame length). We hypothesized that (i) there are differences in muscular activation under
different conditions, (ii) muscular activation patterns are similar using the same frame
length, and (iii) the same handlebar height, and (iv) the increase in power generated leads
to greater muscle activation, without changing the muscle activation patterns.

2. Materials and Methods
2.1. Subjects

Nine male recreational cyclists (age: 21.6 & 1.9 years, body mass: 75.3 & 5.8 kg; height
1.8 £ 0.1 m; crotch height: 9.5 £ 26.1 m; seat height: 0.7 &+ 0.0 m; saddle distance from
the handlebars, long: 0.6 £ 0.0 m; saddle distance from the handlebars, short: 0.5 £+ 0.0 m,
mean =+ standard deviation) volunteered to participate in this study and were instructed
to avoid strenuous exercise in the 24 h preceding each test session, to be well hydrated
and fed, and to have abstained from caffeine and alcohol in the 3 h before each testing
session. A recreationally active person was defined as someone who regularly participates
in recreational activities for at least 30 min per day [54].

Subjects were recruited using a sample of convenience from the university campus,
and the study involved a single-session research design. Prior to testing, all subjects
completed and signed an informed consent form, stating the risks and benefits of the
study. The ethics committee of the seeding institution (number 16019/2016) approved the
procedures, which were in accordance with the Declaration of Helsinki of 1975, amended
by the 64th WMA General Assembly, Fortaleza, Brazil, October 2013.

2.2. Instrumentation

Surface EMG signals from the anterior deltoid (AD), trapezius descending (upper)
(TD), gluteus maximus (GM), and latissimus dorsi (LD) muscles on the right side of the
body were measured.

Bipolar surface electrodes were used (10 mm diameter discs and 57 mm diameter
with snap connector, Plux, Lisbon, Portugal), with an inter-electrode distance of 20 mm,
and were placed in accordance with SENIAM recommendations [55]. The electrodes
were positioned parallel to the muscle fiber orientation, with an interelectrode distance
of approximately 2.0 cm. The skin was prepped by shaving, abrading, and cleaning with
isopropyl alcohol prior to electrode placement. The ground lead was placed on the subject’s
patellar tuberosity contralateral to the subject’s dominant limb [50]. The ground electrode
was positioned over the cervical vertebrae. Transparent dressings with a label (Hydrofilm®,
10 x 12.5 cm, Rock Hill, SC, USA) were used to cover the electrodes and insulate them
from perspiration. All cables were fixed to the skin by adhesive tape in several places to
minimize their movement and, consequently, signal interferences.

All EMG was performed with MATLAB (Mathworks Inc., Natick, MA, USA) to deter-
mine muscle activity at neighboring points, where the energy was 30% of the maximum
peak of muscle activation within a pedal stroke. The muscle activity was calculated by
segmenting the muscle input signal energy according to the same criteria described by
Stirn et al. [56].

Even though the high frequencies of the input signal were filtered with a Butterworth
filter, muscle energy is very noisy and presents several local maximum peaks that do
not correspond to the muscle active window center. To overcome this difficulty, the
determination of the muscle’s “true” maximum energy peaks was carried out. Each pedal
stroke performed by the cyclist produces patterns in the signal; these patterns are mainly
translated by a periodicity in EMG energy. By determining the signal mean period, one can
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infer the maximum peak candidates using the highest and minimal differences between
two maximum candidates and the expected period.

Once the maximum candidates were determined, the muscle activity boundaries were
selected by finding the neighboring points where the energy was 30% of the determined
maximum peaks. For each muscle activation, its active phase was defined as the part of the
EMG signal for which the energy was at least 30% of the maximum local energy value for
a given muscle activation. The raw EMG segments belonging to the active phases were
extracted and used in the calculation of the duration of the active phase. The non-active
phase was defined as the time interval between the two consecutive active phases.

EMG signals recorded during the selected times were filtered with a 4th order Butter-
worth filter (band width: 20-400 Hz), and the average rectified value (ARV) was calculated.
ARVs at a specified speed were averaged every 7.3° of the crank angle because the encoder
signal separated a crank cycle into 49 parts. The mean ARV during a crank cycle was
calculated (total ARV) for analysis [57].

The temporal evolution of the mean durations of the active and non-active phases
during the stroke were calculated for each muscle for the entire cycling time. Linear
regression curves were fitted to the data, and the duration of the fitted curves at the time of
the beginning and the end of the cycling session were compared.

For the assessment of muscle activity, only the dominant limb was selected in each subject.

2.3. Procedures

The anthropometric measurements, body mass, and crotch height of each participant
were measured. The height (cm) was measured with a stadiometer (SECA, model 225,
Hamburg, Germany) with a range scale of 0.10 cm. Weight and body mass were assessed
using a Tanita body composition analyzer (model TBF-200, Tanita Corporation of America,
Inc., Arlington Heights, IL, USA).

According to each participant’s anthropometric profile assessed before the test, the
bicycle frame was measured by the seat-tube length and by multiplying the inseam mea-
surement (floor to crotch in cm) by 0.66 [25]. The optimal seat height for cycling has been
estimated by the LeMond method [58], by multiplying the inseam measurement (floor to
crotch in cm) by 0.883 to get the distance from the center of the bottom bracket to the top of
the seat. The handlebar height was established in two positions: (i) a high handlebar height,
if it is 8 cm higher from the handlebars to the top of the seat; and (ii) a low handlebar height,
if it is 8 cm lower from the handlebars to the top of the seat.

The test was carried out on a bicycle (Orbea, Road Racing Bike, Mallabia, Spain)
equipped with a potentiometer (PowerTap, DT Swiss R460 Alloy) that allowed two handle-
bar positions and two frame lengths, supported on a roller (Tacx Sirius soft gel, Amsterdam,
The Netherland).

To minimize the effect of circadian rhythms or differences in prior exercise, the same
environmental conditions were applied to all tests, namely time of day (+2 h), temperature
(28 °C), and relative humidity (50%).

Prior to the data collection, each subject performed a warm-up of five minutes of
cycling in order to endorse a familiarization with the bicycle. After twenty minutes of
passive rest, each cyclist performed the test session in the seated position, which lasted for
approximately one hour and consisted of twelve different cycling conditions (Table 1).

2.4. Statistical Analysis

All data are shown as mean and standard deviation (SD). A general linear model
(MANOVA) test was used after all the application assumptions had been ascertained to
check the differences between muscle activation and the different test conditions. Tukey’s
pos-hoc test was used to test changes with different intensities and to compare handlebar
heights and bicycle frame lengths for total ARV, ARV during each order condition for
each muscle, onset and offset of surface EMG, and cadence of cycling. Effect sizes were
calculated using a partial Eta? (52). The level of significance was set at 0.05. Statistical
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analyses were performed using MATLAB (version 7, Math Works GK, Tokyo, Japan) and
SPSS software (version 26.0, SPSS, Tokyo, Japan).

Table 1. Test session protocol in twelve different cycling conditions.

Order Conditions  Bicycle Frame  Handlebar Height Intensity Time Duration Resting Abbreviation
1 Long (LF) High (HH) Max 30s 4 min L1 LF HH Max
2 Long (LF) High (HH) 150 watts 1 min 2 min L2 LF HH 150
3 Long (LF) High (HH) 250 watts 1 min 3 min L3 LF HH 250
4 Long (LF) Low (LH) Max 30s 4 min L4 LF LH Max
5 Long (LF) Low (LH) 150 watts 1 min 2 min L5 LF LH 150
6 Long (LF) Low (LH) 250 watts 1 min 3 min L6 LF LH 250
7 Short (SF) High (HH) Max 30s 4 min S7 SF HH Max
8 Short (SF) High (HH) 150 watts 1 min 2 min S8 SF HH 150
9 Short (SF) High (HH) 250 watts 1 min 3 min S9 SF HH 250
10 Short (SF) Low (LH) Max 30s 4 min 510 SF LH Max
11 Short (SF) Low (LH) 150 watts 1 min 2 min S11 SF LH 150
12 Short (SF) Low (LH) 250 watts 1 min 3 min S12 SF LH 250

Legend: LF—long frame; SF—short frame; HH—high handlebars; LH—low handlebars; min—minutes;
s—seconds; Max—for maximal intensity.

3. Results

The percentage of maximum voluntary contraction (% MVC) in the four studied
conditions and muscles is shown in Table 2.

Table 2. Percentage of average rectified value for electromyographic activity of four muscles under
different handlebar height and bicycle frame length conditions during cycling. Data expressed as
percentage of maximum voluntary contraction (% MVC).

Cycling Conditions HHLF LHLF HH SF LH SF
Intensity max 150 250 max 150 250 max 150 250 max 150 250
Muscles L1 12 L3 L4 L5 L6 S7 S8 S9 S10 S11 S12

TD 9.20 1.34 13.71 10.95 29.76 1.24 10.36 1.15 1.64 1236 4.39 4.90
(M £ SD) 5.18 1.33 22.09 7.28 25.47 0.93 7.01 0.91 1.25 10.31 3.41 4.06
LD 8.62 2.74 3.50 13.00 3.70 4.31 1042 167.04 415 10.83 9419 1.85
(M £ SD) 4.87 0.56 1.44 10.59 0.51 1.58 3.60 79.90 2.10 3.62 10591 0.71
GM 13.80 1.06 3.79 12.73 1.45 44.88 12.95 1.00 3.056 11.79 3024 5.49
(M £ SD) 10.56 1.15 4.15 9.82 1.92 16.43 8.62 0.92 3.04 889 3182 557
AD 7.86 2.32 2.18 8.65 3.18 2.61 8.82 3.00 2.76 8.20 9.99 1.51
(M £ SD) 4.53 1.75 1.60 5.24 1.89 1.28 5.85 1.50 1.21 5.94 3.31 0.88

Legend: TD—trapezius descending; LD—Ilatissimus dorsi; GM—gluteus maximus; AD—anterior deltoid. Exercise
conditions: HH—high handlebars; LH—low handlebars; LF—long frame; SF—short frame. L1-L6—conditions
with long frame; S7-S12—conditions with short frame; max—maximal intensity.

The MANOVA showed that the muscle activation of the different muscle groups
studied differed, depending on the cycling condition (Pillai’s Trace = 2.487; F(36.69) = 9.300;
p < 0.001, % = 0.958). Subsequent ANOVAs showed differences in muscle activation under
the following cycling conditions: L1 [F(3.32) = 8.193; p < 0.001, 172 =0.707]; L4 [F(3.32) = 5.733;
p < 0.05, 7% = 0.400]; L5 [F(3.32) = 12.043; p < 0.001, 5% = 0.490]; L6 [F(3.32) = 284.817;
p <0.001, 2 = 0.784]; S7 [F(3.32) = 7.574; p < 0.001, 7% = 0.446]; S8 [F(3.32) = 122.875;
p <0.001, 72 = 0.712]; S9 [F(3.32) = 3.242; p < 0.05, 7> = 0.223]; S10 [F(3.32) = 5.874; p < 0.05,
1% = 0.329], and S12 [F(3.32) = 3.068; p < 0.05, > = 0.263].

Tukey’s post hoc analysis for an ARV electromyography activity was carried out,
resulting in significant differences, as shown in Figures 1 and 2 for ARV for both the long
and short frames, respectively.
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Figure 1. Differences between muscles according to ARV electromyographic activity (Tukey’s post-
hoc test) in the different cycling conditions using a long bicycle frame. Differences between muscles
for L1 (maximal intensity with high handlebars), L4 (maximal intensity with low handlebars),
L5 (150 watts of intensity with low handlebars), and L6 (250 watts of intensity with low handle-
bars) conditions using a long bicycle frame. TD—trapezius descending; LD—latissimus dorsi;
GM—gluteus maximus; AD—anterior deltoid. * Significance for p < 0.05; * Significance for p < 0.001.
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Figure 2. Differences according to ARV electromyographic activity (Tukey’s post-hoc test) in the
different cycling conditions for a short bicycle frame. Differences between muscles for S7 (maximal
intensity with high handlebars), S8 (150 watts of intensity with high handlebars), S9 (250 watts of
intensity with high handlebars), S10 (maximal intensity with low handlebars), and S12 (250 watts
of intensity with low handlebars) conditions for a short bicycle frame. TD—trapezius descending;
LD—latissimus dorsi; GM—gluteus maximus; AD—anterior deltoid. * Significance for p < 0.05;
# Significance for p < 0.001.
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4. Discussion

Supported by the academic idea that the bicycle should fit the human body to max-
imize comfort [43] and performance [41], we demonstrated the contribution of muscle
activity, other than lower limbs, using different bicycle-rider systems (handlebar height;
bicycle frame length). For this purpose, we studied four muscles: AD, TD, GM, and LD, in
four different conditions: HH, LH, LF, and SF, during three different intensities: 150 watts,
250 watts, and maximum intensity.

The study results highlight that, in general, there are differences in muscular activation
under different conditions. Conversely, three exercise conditions showed no difference in
the activation of the four muscles mentioned above: S11 (short frame and low handlebars
at 150 watts) and L1 and L2 (high frame and high handlebars at 150 and 250 watts). These
results are similar to the ones reported by Turpin et al. [32], who observed a lack of bursts
of activity in AD and LD in the participant’s muscles while cycling at low intensity in the
seated position. The absence of differences in muscle activity during low intensities allows
us to declare that the most comfortable bicycle conditions are provided by the short frame
with low handlebars, or the high frame with high handlebars.

However, muscular activation patterns are not similar using the same frame length or
handlebar height. Our study identified several different patterns. For the short frame, we
found a similar pattern between S9 (short frame and low handlebars at 250 watts) and S12
(short frame and high handlebars at 250 watts), with a weak muscle participation pattern
and a slightly higher participation of GM. In contrast, the S8 exercise condition (short frame
and high handlebars at 150 watts) was associated with a higher LD activation. The study
by Hurst et al. [52] may explain these differences in muscle activation by clarifying that
these differences may reflect differences in riding styles and body position. Simultaneously,
concerning the long frame, the exercise condition L5 (long frame with low handlebars at
150 watts) showed that the predominant muscle is the TD, while in condition L6 (long
frame with low handlebars at 250 watts), the predominant muscle is the GM. These results
may indicate that muscle activity patterns change during cycling with varying cadences, as
previously stated by Johnston [30].

Nevertheless, the most persistent pattern occurs during maximum intensity across all
frame and handlebar conditions (L1—long frame and high handlebars; L4—long frame
and low handlebars; S7—short frame and high handlebars; S10—short frame and low han-
dlebars). In these conditions, the LD and AD presented the weakest muscular participation,
while TD and GM presented higher muscular involvement than the other two. GM is the
predominant muscle used during maximum intensity, except for the L1, where GM and
TD are dominant. This specific muscle pattern may appear due to the body’s adjustment
during high intensity cycling. The GM and TD activation suggest that the body switches
from a comfortable position to a forward configuration, as Savelberg et al. [45] noted. This
change in body position allows for an increase in power output through the pull of the
handlebars and pedals [32].

Although studies indicate that LD may have contributed to the increase in acceler-
ation [32], and is sensitive to the handlebar position, we did not find any indicator of a
greater contribution of this muscle under the conditions studied [59]. This evidence reveals
that muscle patterns, with the same handlebar position and frame, change at different
intensities, which could have implications for trainers, athletes, and researchers in under-
standing what is the best bicycle position to reduce injuries and improve performance. In
addition, this study allows for the adjustment of the handlebar position and frame at low
intensities according to the patterns found, in order to prevent overtraining muscles.

There are some limitations to this study. First, the duration in each condition was
short, so in the future, a more extensive analysis, with more time in each situation, will be
needed to assess the effect of fatigue on these muscle patterns. Subsequent studies will
allow us to understand whether the patterns found in this study will persist after longer
cycling and if a specific handlebar height or frame length is more demanding for these
particular muscles. Second, a subsequent study should be performed on women, as they
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can activate different muscle patterns while cycling under the same physical conditions [53].
Third, future studies should consider a larger sample size and the assessment of muscle
symmetry, since this study only involved the dominant limb. Finally, our study results may
differ from those obtained while cycling in the field, as we used a cycling roller. It would be
helpful to recreate this study in the field [60]. In short, the study of muscle activation and
patterns under different handlebar heights, frame lengths, and cycling intensities require
further investigation.

5. Conclusions

Our study suggests that handlebar height and frame length influence muscle activation
patterns during low cycling intensities, meaning that LD, AD, TD, and GM presented
different contributions at low intensity using different handlebar heights and frame lengths.
However, during high intensity, one specific pattern emerges, with a greater contribution
of GM and TD and weaker participation of LD and AD, enhancing the cycling power
output. This study highlights the importance of considering adjustments to details such
as handlebar height and frame length when cycling under different intensities, with the
aim of controlling fatigue levels in specific muscles with the goal of enhancing overall
cycling performance.

Author Contributions: Conceptualization, A.C. and V.M.; methodology, A.C. and V.M.; formal
analysis, A.C. and M.C.E.; investigation, H.L. and A.C.; supervision, H.L.; data curation, A.C. and
FR.; writing—original draft preparation, J.A.P. and A.C.; writing—review and editing, M.C.E.,
FJ.S. and ER,; funding acquisition, A.C., M.C.E. and E].S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Portuguese Foundation for Science and Technology, L.P.,
under grant Number UID04045/2020 and grant Number UIDB/04748/2020.

Institutional Review Board Statement: The ethics committee of the seeding institution (16019/2016)
gave their approval regarding all the procedures, which were in accordance with the Helsinki
Declaration of 1975, amended by the 64th WMA General Assembly, Fortaleza, Brazil, October 2013.

Informed Consent Statement: Informed consent was obtained from all participants in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, upon reasonable request.

Acknowledgments: The authors would like to acknowledge the participants who allowed us to
conduct this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Balasubramanian, V,; Jayaraman, S. Surface EMG based muscle activity analysis for aerobic cyclist. J. Bodyw. Mov. Ther. 2009, 13,
34-42. [CrossRef] [PubMed]

2. Nordeen-Snyder, K.S. The effect of bicycle seat height variation upon oxygen consumption and lower limb kinematics. Med. Sci.
Sports 1977, 9, 113-117. [CrossRef]

3. Ericson, M.O.; Nisell, R.; Arborelius, U.P.; Ekholm, J. Muscular activity during ergometer cycling. Scand. J. Rehabil. Med. 1985, 17,
53-61. [PubMed]

4. Ericson, M. On the biomechanics of cycling. A study of joint and muscle load during exercise on the bicycle ergometer. Scand. |.
Rehabil. Med. Suppl. 1986, 16, 1-43.

5. Brown, D.A,; Kautz, S.A.; Dairaghi, C.A. Muscle activity patterns altered during pedaling at different body orientations.
J. Biomech. 1996, 29, 1349-1356. [CrossRef]

6. Eisner, D.A.; Choi, H.S.; Diaz, M.E.; O’Neill, S.C.; Trafford, A.W. Integrative analysis of calcium cycling in cardiac muscle. Circ.
Res. 2000, 87, 1087-1094. [CrossRef] [PubMed]

7. Too, D.; Landwer, G.E. Maximizing performance in human powered vehicles: A literature review and directions for future
research. Hum. Power 2008, 5, 16.

8.  Reiser, RE; Peterson, M.L.; Broker, ].P. Anaerobic cycling power output with variations in recumbent body configuration. J. Appl.

Biomech. 2001, 17, 204-216. [CrossRef]


http://doi.org/10.1016/j.jbmt.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19118791
http://doi.org/10.1249/00005768-197709020-00008
http://www.ncbi.nlm.nih.gov/pubmed/4023660
http://doi.org/10.1016/0021-9290(96)00038-3
http://doi.org/10.1161/01.RES.87.12.1087
http://www.ncbi.nlm.nih.gov/pubmed/11110764
http://doi.org/10.1123/jab.17.3.204

Int. |. Environ. Res. Public Health 2022, 19, 6590 90of 10

10.

11.

12.

13.
14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

Reiser, R.; Maines, J.; Eisenmann, J.; Wilkinson, J. Standing and seated Wingate protocols in human cycling. A comparison of
standard parameters. Eur. J. Appl. Physiol. 2002, 88, 152-157. [CrossRef]

Gregersen, C.S.; Hull, M.L. Non-driving intersegmental knee moments in cycling computed using a model that includes three-
dimensional kinematics of the shank/foot and the effect of simplifying assumptions. J. Biomech. 2003, 36, 803-813. [CrossRef]
Sanderson, B.; Askew, C.; Stewart, I.; Walker, P.; Gibbs, H.; Green, S. Short-term effects of cycle and treadmill training on exercise
tolerance in peripheral arterial disease. J. Vasc. Surg. 2006, 44, 119-127. [CrossRef] [PubMed]

Ericson, M.O.; Nisell, R. Patellofemoral joint forces during ergometric cycling. Phys. Ther. 1987, 67, 1365-1369. [CrossRef]
[PubMed]

O’Kroy, ].A. Wingate power output on a recumbent ergometer. J. Strength Cond. Res. 2000, 14, 405-410. [CrossRef]

Martin, J.; Malina, R.; Spirduso, W. Effects of crank length on maximal cycling power and optimal pedaling rate of boys aged 8-11
years. Eur. J. Appl. Physiol. 2002, 86, 215-217. [CrossRef]

Jorge, M.; Hull, M.L. Analysis of EMG measurements during bicycle pedalling. J. Biomech. 1986, 19, 683-694. [CrossRef]
Prilutsky, B.I.; Gregor, R.J. Analysis of muscle coordination strategies in cycling. IEEE Trans. Rehabil. Eng. 2000, 8, 362-370.
[CrossRef]

Dug, S.; Betik, A.-C.; Grappe, F. EMG activity does not change during a time trial in competitive cyclists. Int. J. Sports Med. 2005,
26, 145-150. [CrossRef] [PubMed]

Hansen, E.A.; Andersen, ].L.; Nielsen, ].S.; Sjogaard, G. Muscle fibre type, efficiency, and mechanical optima affect freely chosen
pedal rate during cycling: Cycling pedal rate and muscle fibre types. Acta Physiol. Scand. 2002, 176, 185-194. [CrossRef]
McDaniel, J.; Durstine, J.L.; Hand, G.A.; Martin, J.C. Determinants of metabolic cost during submaximal cycling. J. Appl. Physiol.
2002, 93, 823-828. [CrossRef]

Ericson, M.O.; Nisell, R. Efficiency of pedal forces during ergometer cycling. Int. J. Sports Med. 1988, 9, 118-122. [CrossRef]
Ericson, M.O. Mechanical muscular power output and work during ergometer cycling at different work loads and speeds. Eur. J.
Appl. Physiol. 1988, 57, 382-387. [CrossRef]

Foster, C.; Snyder, A.C.; Thompson, N.N.; Green, M.A; Foley, M.; Schrager, M. Effect of pacing strategy on cycle time trial
performance. Med. Sci. Sports Exerc. 1993, 25, 383-388. [CrossRef]

Atkinson, G.; Brunskill, A. Pacing strategies during a cycling time trial with simulated headwinds and tailwinds. Ergonomics
2000, 43, 1449-1460. [CrossRef]

Sanderson, D.J.; Amoroso, A.T. The influence of seat height on the mechanical function of the triceps surae muscles during
steady-rate cycling. J. Electromyogr. Kinesiol. 2009, 19, e465—e471. [CrossRef]

Burke, E.R.; Pruitt, A.L. Body positioning for cycling. In High-Tech Cycling; Burke, E.R., Ed.; Humans Kinetics: Champaign, IL,
USA, 2003; pp. 69-92.

Verma, R.; Hansen, E.A.; de Zee, M.; Madeleine, P. Effect of seat positions on discomfort, muscle activation, pressure distribution
and pedal force during cycling. J. Electromyogr. Kinesiol. 2016, 27, 78-86. [CrossRef]

Holzel, C.; Hochtl, F.; Senner, V. Cycling comfort on different road surfaces. Procedia Eng. 2012, 34, 479-484. [CrossRef]
Arpinar-Avsar, P; Birlik, G.; Sezgin, O.C.; Soylu, A.R. The effects of surface-induced loads on forearm muscle activity during
steering a bicycle. J. Sports Sci. Med. 2013, 12, 512-520.

Turpin, N.A.; Watier, B. Cycling biomechanics and its relationship to performance. Appl. Sci. 2020, 10, 4112. [CrossRef]
Johnston, T.E. Biomechanical considerations for cycling interventions in rehabilitation. Phys. Ther. 2007, 87, 1243-1252. [CrossRef]
Costes, A.; Turpin, N.A; Villeger, D.; Moretto, P.; Watier, B. A reduction of the saddle vertical force triggers the sit-stand transition
in cycling. J. Biomech. 2015, 48, 2998-3003. [CrossRef]

Turpin, N.A.; Costes, A.; Moretto, P.; Watier, B. Upper limb and trunk muscle activity patterns during seated and standing cycling.
J. Sports Sci. 2017, 35, 557-564. [CrossRef]

Costes, A.; Turpin, N.A.; Villeger, D.; Moretto, P.; Watier, B. Influence of position and power output on upper limb kinetics in
cycling. J. Appl. Biomech. 2016, 32, 140-149. [CrossRef]

Doré, E.; Baker, ].S.; Jammes, A.; Graham, M.; New, K.; Van Praagh, E. Upper body contribution during leg cycling peak power in
teenage boys and girls. Res. Sports Med. 2006, 14, 245-257. [CrossRef]

Sloane, E.A. The Complete Book of Bicycling; Trident Press: New York, NY, USA, 1970; p. 342.

DeLong, F. DeLong’s Guide to Bicycles & Bicycling: The Art & Science, 1st ed.; Chilton Book Co.: Radnor, PA, USA, 1974; p. 278.
Matheny, F. Bicycling Magazine’s Complete Guide to Riding and Racing Techniques; Rodale Press: Emmaus, PA, USA, 1989; p. 245.
Richmond, D.R. Handlebar problems in bicycling. Clin. Sports Med. 1994, 13, 165-173. [CrossRef]

Chen, Y.-L.; He, K.-C. Changes in human cervical and lumbar spine curves while bicycling with different handlebar heights. Work
2012, 41, 5826-5827. [CrossRef]

Baino, F. Evaluation of the relationship between the body positioning and the postural comfort of non-professional cyclists: A
new approach. J. Sports Med. Phys. Fit. 2011, 51, 59-65.

Iriberri, ].; Muriel, X.; Larrazabal, I. The bike fit of the road professional cyclist related to anthropometric measurements and the
torque of de crank (P242). In The Engineering of Sport 7, Springer: Paris, France, 2008; pp. 483-488. [CrossRef]

Ricard, M.D.; Hills-Meyer, P,; Miller, M.G.; Michael, T.]. The effects of bicycle frame geometry frame on muscle activation and
power during a wingate anaerobic test. J. Sports Sci. Med. 2006, 5, 24-32.


http://doi.org/10.1007/s00421-002-0694-1
http://doi.org/10.1016/S0021-9290(03)00014-9
http://doi.org/10.1016/j.jvs.2006.03.037
http://www.ncbi.nlm.nih.gov/pubmed/16828435
http://doi.org/10.1093/ptj/67.9.1365
http://www.ncbi.nlm.nih.gov/pubmed/3628491
http://doi.org/10.1519/00124278-200011000-00007
http://doi.org/10.1007/s00421-001-0525-9
http://doi.org/10.1016/0021-9290(86)90192-2
http://doi.org/10.1109/86.867878
http://doi.org/10.1055/s-2004-817922
http://www.ncbi.nlm.nih.gov/pubmed/15726491
http://doi.org/10.1046/j.1365-201X.2002.01032.x
http://doi.org/10.1152/japplphysiol.00982.2001
http://doi.org/10.1055/s-2007-1024991
http://doi.org/10.1007/BF00417980
http://doi.org/10.1249/00005768-199303000-00014
http://doi.org/10.1080/001401300750003899
http://doi.org/10.1016/j.jelekin.2008.09.011
http://doi.org/10.1016/j.jelekin.2016.02.003
http://doi.org/10.1016/j.proeng.2012.04.082
http://doi.org/10.3390/app10124112
http://doi.org/10.2522/ptj.20060210
http://doi.org/10.1016/j.jbiomech.2015.07.035
http://doi.org/10.1080/02640414.2016.1179777
http://doi.org/10.1123/jab.2014-0295
http://doi.org/10.1080/15438620600985829
http://doi.org/10.1016/S0278-5919(20)30361-6
http://doi.org/10.3233/WOR-2012-0964-5826
http://doi.org/10.1007/978-2-287-09413-2_59

Int. |. Environ. Res. Public Health 2022, 19, 6590 10 of 10

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hsiao, S.-W.; Chen, R.-Q.; Leng, W.-L. Applying riding-posture optimization on bicycle frame design. Appl. Ergon. 2015, 51, 69-79.
[CrossRef]

Lopes, A.D.; Alouche, S.R.; Hakansson, N.; Cohen, M. Electromyography during pedaling on upright and recumbent ergometer.
Int. ]. Sports Phys. Ther. 2014, 9, 76-81. [CrossRef]

Savelberg, H.H.C.M.; Van de Port, I.G.L.; Willems, PJ.B. Body configuration in cycling affects muscle recruitment and movement
pattern. J. Appl. Biomech. 2003, 19, 310-324. [CrossRef]

Burnfield, ].M.; Shu, Y.; Buster, T.; Taylor, A. Similarity of joint kinematics and muscle demands between elliptical training and
walking: Implications for practice. Phys. Ther. 2010, 90, 289-305. [CrossRef] [PubMed]

Hamzaid, N.A.; Smith, R M. Isokinetic Cycling and elliptical stepping: A kinematic and muscle activation analysis. Clin. Res. Foot
Ankle 2013, 1, 1000117. [CrossRef]

Stoloff, R.H.; Zehr, E.P; Ferris, D.P. Recumbent stepping has similar but simpler neural control compared to walking. Exp. Brain
Res. 2007, 178, 427-438. [CrossRef] [PubMed]

Momeni, K.; Faghri, P.D.; Evans, M. Lower-extremity joint kinematics and muscle activations during semi-reclined cycling at
different workloads in healthy individuals. J. Neuroeng. Rehabil. 2014, 11, 146. [CrossRef]

Bouillon, L.; Baker, R.; Gibson, C.; Kearney, A.; Busemeyer, T. Comparison of trunk and lower extremity muscle activity among
four stationary equipments devices: Upright bike, recumbent bike, treadmill, and Elliptigo®. Int. J. Sports Phys. Ther. 2016,
11, 190-200.

Dug, S.; Bertucci, W.; Pernin, ].N.; Grappe, FE. Muscular activity during uphill cycling: Effect of slope, posture, hand grip position
and constrained bicycle lateral sways. J. Electromyogr. Kinesiol. 2008, 18, 116-127. [CrossRef]

Hurst, H.T.; Swarén, M.; Hébert-Losier, K.; Ericsson, F.; Atkins, S.; Holmberg, H.-C. Influence of course type on upper body
muscle activity in elite cross-country and downhill mountain bikers during off road downhill cycling. J. Sci. Cycl. 2012, 1, 2-9.
Grant, M.C.; Watson, H.; Baker, ].S. Assessment of the upper body contribution to multiple-sprint cycling in men and women.
Clin. Physiol. Funct. Imaging 2015, 35, 258-266. [CrossRef]

McGuire, S. U.S. Department of Agriculture and U.S. Department of Health and Human Services, Dietary Guidelines for
Americans, 2010. 7th Edition, Washington, DC: U.S. Government Printing Office, January 2011. Adv. Nutr. 2011, 2, 293-294.
[CrossRef]

Hermens, H.J.; Freriks, B.; Merletti, R.; Stegeman, D.; Blok, J.; Rau, G.; Disselhorst-Klug, C.; Hagg, G. European Recommendations
for Surface ElectroMyoGraphy: Results of the SENIAM Project; Roessingh Research and Development: Enschede, The Netherlands,
1999; p. 122.

Stirn, L; Jarm, T.; Kapus, V.; Strojnik, V. Evaluation of muscle fatigue during 100-m front crawl. Eur. J. Appl. Physiol. 2011,
111, 101-113. [CrossRef]

Watanabe, Y.; Madarame, H.; Ogasawara, R.; Nakazato, K.; Ishii, N. Effect of very low-intensity resistance training with slow
movement on muscle size and strength in healthy older adults. Clin. Physiol. Funct. Imaging 2014, 34, 463-470. [CrossRef]
[PubMed]

LeMond, G.; Gordis, K. Greg LeMond’s Complete Book of Bicycling, 2nd ed.; Perigee Books: New York, NY, USA, 1990; p. 352.
Padulo, J.; Laffaye, G.; Bertucci, W.; Chaouachi, A.; Viggiano, D. Optimisation of starting conditions in track cycling. Sport Sci.
Health 2014, 10, 189-198. [CrossRef]

Bertucci, WM.; Arfaoui, A.; Polidori, G. Analysis of the pedaling biomechanics of master’s cyclists: A preliminary study. J. Sci.
Cycl. 2012, 1, 42-46.


http://doi.org/10.1016/j.apergo.2015.04.010
http://doi.org/10.1016/j.apergo.2015.04.010
http://doi.org/10.1123/jab.19.4.310
http://doi.org/10.2522/ptj.20090033
http://www.ncbi.nlm.nih.gov/pubmed/20022994
http://doi.org/10.4172/2329-910X.1000117
http://doi.org/10.1007/s00221-006-0745-7
http://www.ncbi.nlm.nih.gov/pubmed/17072607
http://doi.org/10.1186/1743-0003-11-146
http://doi.org/10.1016/j.jelekin.2006.09.007
http://doi.org/10.1111/cpf.12159
http://doi.org/10.3945/an.111.000430
http://doi.org/10.1007/s00421-010-1624-2
http://doi.org/10.1111/cpf.12117
http://www.ncbi.nlm.nih.gov/pubmed/24304680
http://doi.org/10.1007/s11332-014-0192-y

	Introduction 
	Materials and Methods 
	Subjects 
	Instrumentation 
	Procedures 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

