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Abstract: This study aimed to investigate the effects of knee flexion during the preparation phase
of a serve on the tennis serve performance, using inertial sensors. Thirty-two junior tennis players
were divided into two groups based on their maximum knee flexion during the preparation phase
of serve: Smaller (SKF) and Greater (GKF) Knee Flexion. Their racket velocity, racket height, and
knee extension velocity were compared during the tennis serve. Inertial sensors tracked participants’
shank, thigh, and racket motions while performing five first, flat, and valid serves. Knee flexion
was analysed during the preparation phase of serve, knee extension velocity after this phase, racket
velocity just before ball impact, and racket height at impact. Pre-impact racket velocity (mean
difference [MD] = 3.33 km/h, p = 0.004) and the knee extension velocity (MD = 130.30 ◦/s, p = 0.012)
were higher in the GKF than SKF; however, racket impact height was not different between groups
(p = 0.236). This study’s findings support the importance of larger knee flexion during the preparation
phase of serve-to-serve performance. This motion should be seen as a contributor to racket velocity.

Keywords: biomechanics; inertial sensors; leg drive; lower limb drive; racket sport; serve speed

1. Introduction

The serve is one of the most frequent and essential strokes in a tennis match [1]. The
serve speed is the most used parameter to evaluate tennis serve performance [2–5]. A faster
serve reduces the time for the opponent to respond and may hamper the return. Another
parameter used to measure tennis serve performance is the racket impact height [6–8].
Hitting the ball at a higher position may improve the viewing area of the target zone and
increase the available target window, increasing the chances to hit faster and more valid
serves [2,9]. The upper limb’s angular motion is well known as a major contributor to
serve speed [10,11]. However, the influence of the lower limb’s angular motion is still
controversial and limited to adult tennis players [5–7,12]. More studies are necessary
to address the effects of lower limb motion on serve performance, especially in young
tennis players.

There is anecdotal evidence that the lower limbs are at the base of the tennis serve’s
kinetic chain. Thus, the lower limb motion would be important to initiate energy generation
and transfer to the trunk, upper limb, and then to the racket [13]. Greater knee flexion
during the serve preparation phase allows reaching greater knee extension velocity (since
acceleration is applied during a longer period), producing a more effective lower limb drive
as more mechanical energy is added to the body. However, studies that investigated the
impact of knee flexion on serve performance found inconsistent results [5,6]. Sgro et al. [6]
found that advanced tennis players had greater knee flexion during the preparation phase,
greater serve speed, and greater racket impact height than beginners. Moreover, they found

Sensors 2021, 21, 5254. https://doi.org/10.3390/s21165254 https://www.mdpi.com/journal/sensors

https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-2395-2023
https://doi.org/10.3390/s21165254
https://doi.org/10.3390/s21165254
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/s21165254
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s21165254?type=check_update&version=1


Sensors 2021, 21, 5254 2 of 10

a positive association of maximum knee flexion with serve speed and racket impact height.
Conversely, Elliott et al. [5] did not find differences in serve speed when comparing tennis
players with different lower limb kinematics (greater and smaller knee flexion) during their
tennis serve. In addition, studies that induced immediate reduction in knee flexion found
it to negatively impact serve performance [7,12]. Artificially restricting maximum knee
flexion at 10◦ with an orthosis [7] or asking players to intentionally reduce knee flexion [12]
led to decreases in serve speed and impact height. However, these findings may have been
significantly influenced by an unnatural serve motion due to the immediate induction of
knee flexion reduction. Therefore, it is still necessary to investigate the influence of the
magnitude of knee flexion on tennis serve performance. To the best of our knowledge,
no study has compared the serve performance of junior tennis players with different
magnitudes of knee flexion in natural serve conditions.

Inertial measurement systems (IMS) are becoming widely used in sports motion
analysis [14–20]. As they enable three-dimensional (3D) motion tracking in sport-specific
settings (in-field), they can reveal more realistic results than optoelectronic systems that
require laboratory settings. Thus, evaluating the tennis strokes directly on the tennis
court using IMS would be interesting to maintain the characteristics of the sport’s natural
movement. No previous study has investigated the impact of lower limb motion during
serve on tennis serve performance using IMS. Therefore, the current study aimed to
investigate on court the effects of the lower limb drive on the tennis serve performance in
junior players of intermediate level, using wearable inertial sensors. More specifically, we
investigated the effects of the knee flexion magnitude on pre-impact racket velocity and
racket–ball impact height during serve in a more ecological condition. Once this effect was
confirmed, this study investigated the effect on knee extension velocity as an indicator of
lower limb drive effectiveness during the serve. It was hypothesized that junior players of
similar levels with greater serve knee flexion would have greater knee extension velocity,
higher racket velocity, and higher impact height than those with less knee flexion.

2. Materials and Methods
2.1. Participants

The sample size was calculated in G*Power software based on a pilot study with
10 participants, considering the differences of the mean pre-impact racket resultant velocity
between two groups with different maximum knee flexion during the tennis serve. This
calculation indicated a minimum total sample size of 18 participants, considering a power
of 90% and alpha of 0.05. Thirty-two junior competitive intermediate-level tennis players,
aged between 13 and 17, volunteered to participate in this study. The level of play was
defined based on athletes’ International Tennis Number (ITN), which characterizes interme-
diate players classified as 5 to 7, on a 1–10 scale [21]. By including only intermediate-level
tennis players, we limited the tennis level’s influence on serve performance. Indeed, players
of different levels could show distinct performances regardless of their knee flexion during
the serve [6]. Participants and their legal guardians signed an informed consent form. All
players were asymptomatic and none had been injured in the previous six months, had any
orthopaedic surgery, or had knee passive range of motion limitations [22]. The participants
were equally divided into two groups, with a division cut-off based on the median of the
maximum knee flexion (MKF) obtained by the athletes during the serve preparation phase:
Greater Knee Flexion group (GKF, n = 16) and Smaller Knee Flexion group (SKF, n = 16).
Due to the unavailability of a clear definition in the literature about high and small values
of knee flexion during the serve, this division method was used to guarantee that the two
groups had distinct knee flexion values.

2.2. Procedures

An interview to evaluate the volunteer’s eligibility to participate in this study was
conducted and followed by body height, weight, and knee passive range of motion (ROM)
measurements. These assessments were performed by the same examiner. The participants



Sensors 2021, 21, 5254 3 of 10

were asked to warm up as they usually do before tennis practice for 15 min or until they
felt they were ready to perform. To test the study’s hypothesis, the racket and knee motions
were evaluated. To track them, wireless inertial sensors (called MTw) of the MVN Awinda
System (Xsens Technologies B.V., Enschede, The Netherlands) were used. One sensor was
placed on the racket right above the grip (Figure 1A), while the other two were placed on
the shank and thigh, following the manufacturer’s recommendations [23]. Briefly, to track
the knee motion (i.e., shank relative to thigh), one sensor was placed on the tibia’s medial
aspect (pes anserinus insertion) and another on the middle of the thigh’s lateral aspect
(Figure 1B). Inertial sensors were also placed on other body segments (i.e., foot, pelvis,
trunk, upper arm, forearm, and hand) only to allow the system to be calibrated and operate
with the full body kinematic model. Data from these sensors were not analysed. Straps
with hook-and-loop fasteners were used to keep the sensors in place.
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Figure 1. Sensors’ positions. Black arrows indicate sensors location on: (A) racket and (B) shanks
and thighs. Note that motions from only one lower limb (lead leg) were analysed in this study.

Each inertial sensor (16 g) integrated 3D accelerometers (range ±160 m/s2), 3D gyro-
scopes (range of ±2000 ◦/s), and 3D magnetometers. The data were sampled at 1000 Hz
and the MVN system updated data wirelessly at 60 Hz, which was the maximum permitted
by the instrument. The validity of the Xsens MVN System for measuring lower-limb angles
has been previously tested in comparison to an optoelectronic motion capture system
(MCS), and excellent similarities were found [24,25]. Blair et al. [24] reported insignificant
mean differences (range: 0.2–0.3%) for knee flexion during football kicking. Similarly,
Al-Amri et al. [25] found excellent similarity between systems for knee flexion-extension
during walking, squatting, and jumping (Coefficient of Multiple Correlation (CMC) and
R2 > 0.9). Likewise, Keaney and Reid [26] examined the validity of a racket inertial sensor
for measuring tennis serve speed, compared to an MCS, and found almost perfect agree-
ment between the two systems (ICC = 0.983). To scale the biomechanical model, the ankle,
knee, and hip heights in relation to the ground were measured by the same examiner, with
the participants in standing position, following the manufacturers’ recommendations [23].

The software MVN Analyze was used to collect and export kinematic data, which were
later analysed in the software Visual3D (C-Motion Inc., Germantown, USA) and Matlab
(The Mathworks, Natick, MA, USA). The system was calibrated following the N-pose plus
walk process, as recommended by the manufacturer [23]. The right-handed participants
were asked to serve from the deuce courtside (i.e., the right side of the court) aiming at
the target area bordering the “T” (middle) of the service boxes (Figure 2) for 5 min, or
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until they felt comfortable, to familiarize themselves with the equipment. Left-handed
players served from the advantage courtside (i.e., the left side of the court), aiming at the
area bordering the “T” of the cross-court service box [27]. The target area was determined
using mini disc cones. Finally, the participants were asked to serve only first (i.e., first
attempt out of two on a point) and flat serves (i.e., without ball spin) to the target area,
and five valid serves were considered for analysis. One observer was positioned near the
target area to confirm serves were valid (ball landing in the target area). Players used their
rackets, which had similar size and weight characteristics, to guarantee they were used to
the equipment while serving. Players’ serves were videotaped with a video camera (Xsens
Technologies B.V., Enschede, The Netherlands) positioned on the baseline using a tripod
and operating at 60 fps (maximum frame rate possible). These images were only used to
confirm the racket–ball impact moment.
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Figure 2. Superior view of the tennis court. The black triangle corresponds to the approximate place
where right-hand participants were initially positioned to serve, and the hatched area is the target
area. Black arrows indicate X and Y axes in the coordinate systems.

2.3. Data Processing and Reduction

Global and local coordinate systems (X, Y, Z) were determined in the software MVN
Analyze, taking into account the tennis court orientation: X-axis was defined as anterior–
posterior, Y-axis as medial–lateral, and Z-axis as vertical (Figure 2). The MVNX files,
which contain the biomechanical model and the motion files, were exported from this
software and imported into Visual3D software for analysis. Using the built-in functions of
Visual3D pipelines, the front (i.e., lead leg) knee flexion angle was calculated based on the
shank’s position and orientation relative to the thigh around Y-axis, using the Y-X-Z Cardan
sequence, i.e., flexion, abduction, rotation [28]. Similarly, the front knee extension velocity
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was also calculated. The front knee corresponded to the left knee of the right-handed
players and the right knee of the left-handed players.

The serve preparation phase was determined on the Visual3D from the racket’s
maximum anterior position to the maximum knee flexion [27]. Racket–ball impact was
identified as being the highest racket linear velocity in the anterior direction [29]. The
maximum knee extension velocity was calculated between the serve events MKF and
racket–ball impact. These two serve events were also visually inspected and confirmed in
Visual3D and in the recorded videos. Pre-impact racket resultant velocity was calculated in
the Matlab as the norm of racket’s linear velocity in the three planes of motion, just before
(1 frame) the racket–ball impact [11,30,31]. Racket impact height (i.e., the racket’s vertical
distance to the ground) was also obtained and expressed as a percentage of the standing
height of the participant (normalized racket height). The mean of five valid tennis serve
trials from each participant was used for analysis.

2.4. Reliability

A pilot study with ten subjects was conducted to investigate the study’s measures and
procedure reliability. Data were collected in two different sessions, one week apart. The
test–retest reliability (ICC2,5) for maximum knee flexion during the preparation phase of
serve, maximum knee extension velocity, pre-impact racket resultant velocity, and racket
impact height were 0.93, 0.94, 0.89, and 0.88, respectively.

2.5. Statistical Analysis

Descriptive statistics were used for participants’ characterization. Normality was
tested using Shapiro–Wilk’s test. A chi-squared test was used to compare groups for ITN
and sex. Independent samples t-tests were used to compare groups for the maximum knee
extension velocity, pre-impact racket velocity, and normalized racket height at impact. The
mean differences (MD) between groups and Cohen’s d effect sizes (ES) [32] were calculated.
All analyses were performed in SPSS software (IBM Corp., Armonk, NY, USA) with a
significance level of α = 0.05.

3. Results
3.1. Participants

There were thirteen right-handed and three left-handed, and fourteen right-handed
and two left-handed participants in the SKF and GKF groups, respectively. No difference
between SKF and GKF groups was found for the descriptive variables, except for the serve
maximum knee flexion that was used to divide groups and was found to be 19.08◦ greater
in the GKF (Table 1). Results of the chi-squared test also showed no difference between
groups for the level of play (ITN) (p = 0.494) and sex (p = 0.194).

Table 1. Descriptive data of the participants.

Descriptive Data SKF (n = 16) GKF (n = 16) p-Value

Body height (m) a 1.66 ± 0.08 1.67 ± 0.06 0.942
Body mass (kg) a 54.75 ± 6.25 56.08 ± 6.69 0.567

Age (years) b 13.81 ± 1.05 14.25 ± 1.24 0.305
Tennis playing experience (years) a 6.50 ± 2.42 7.00 ± 2.10 0.537

Weekly tennis training (h) b 8.75 ± 1.44 9.25 ± 1.24 0.361
Weekly conditioning training (h) b 4.38 ± 0.72 4.63 ± 0.62 0.361
Serve maximum knee flexion (◦) a 55.64 ± 8.66 74.72 ± 5.88 <0.001 *

Results are reported as mean and standard deviation. * p < 0.001. SKF: Smaller Knee Flexion group. GKF: Greater Knee Flexion group.
a Variables normally distributed. p-values from the independent samples t-test are reported above. b Variables not normally distributed.
p-values from the Mann–Whitney test are reported above.
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3.2. Tennis Serve Performance and Knee Extension Velocity

The pre-impact racket velocity was 3.33 km/h higher and the maximum knee exten-
sion velocity was 130.30 ◦/s higher in GKF than SKF. There was no statistical difference
between groups for the normalized racket impact height (Table 2). Time series for the
descriptive data of knee angle and angular velocity in the sagittal plane are presented in
Figure 3.

Table 2. Comparative table of the tennis serve performance and knee extension velocity.

Tennis Serve
Performance Descriptive SKF (n = 16) GKF (n = 16) p ES

Racket resultant
velocity (km/h)

Mean ± SD 21.12 ± 3.76 24.45 ± 1.73
0.004 * 1.138 (large)

CI95% 19.12 − 23.13 23.52 − 25.37
Normalized racket
impact height (%)

Mean ± SD 122.63 ± 5.30 124.49 ± 3.16
0.236 0.426CI95% 119.80 − 125.45 122.81 − 126.17

Maximum knee
extension velocity (◦/s)

Mean ± SD 405.11 ± 160.45 535.41 ± 110.74
0.012 * 0.945 (large)

CI95% 319.61 − 490.61 476.40 − 594.42

SKF: Smaller Knee Flexion group. GKF: Greater Knee Flexion group. p: p-values. ES: Cohen’s d effect size. SD: standard deviation. CI95%:
95% confidence interval. * p < 0.05.
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“maximum knee flexion” and “racket–ball impact”.

4. Discussion

This study aimed to investigate the influence of the knee flexion magnitude during
the serve preparation phase on knee extension velocity and the tennis serve performance of
junior competitive players. To improve the ecological validity of the results, this study was
performed on a tennis court using wireless inertial sensors. We found that tennis players
with greater knee flexion during the preparation phase of their serve had 32% higher knee
extension velocity and 16% higher pre-impact racket velocity than players with less knee
flexion. The greater knee angular velocity may have contributed to the greater racket
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velocity found in this study. Nevertheless, the normalized racket impact height was not
significantly different between groups. These findings suggest that tennis coaches and
players should consider the magnitude of knee flexion when planning training to improve
serve performance.

The greater pre-impact racket velocity found in participants with greater knee flexion
may be explained by increases in knee extension velocity and possibly in mechanical energy
generation and transfer throughout the kinetic chain. Increased knee flexion during the
preparation phase of a serve typically leads to increases in the range of knee extension
during the lower limb drive phase (propulsion) of the serve [12]. Displacement throughout
a greater joint range of motion seems to be related to greater joint velocity. As found in the
present study, Anderson and Sidaway [33], who analysed the soccer kick, also found that
players who flexed their knee more during the preparation phase had greater maximum
knee extension velocity during the acceleration phase. This association between knee
flexion angle and extension velocity may be explained by the fact that covering a greater
joint range of motion would give the individuals more time to apply acceleration and
increase joint velocity. Complementarily, another possible explanation relies on the stretch-
shortening cycle (SSC) function. As the knee flexes during the serve preparation phase,
the quadriceps contract eccentrically [8], which may result in elastic energy storage [34,35].
This energy may be used, at least partially, to increase knee extension velocity during
serve. Due to the relationship between joint velocity and kinetic energy, it is expected
that increased knee extension velocity during a serve increases the energy generated by
lower limbs, which is typically transferred, through the kinetic chain, to the trunk, upper
limb, and finally to the racket. This mechanism would ultimately increase the serve
speed [36,37]. The pre-impact racket velocity is strongly correlated with the post-impact
ball speed [10]. Thus, pre-impact racket velocity is commonly reported as an indicator of
serve performance [7,30,31].

Our results corroborate with Sgro et al. [6], who also found that players with greater
knee flexion were also the ones with faster serves. However, they divided groups based on
the participants’ level of play and the group with greater knee flexion and faster serve were
advanced tennis players, who were compared with lower level players. Therefore, their
results were influenced by the player’s game level, while participants in our study were all
at the same level (intermediate) with no statistical difference between groups. Additionally,
in the current study, no differences were found between groups for other variables that
may influence serve performance—such as body height and mass, age, tennis experience
time, and weekly training volume—addressed in previous studies [3,38–40].

Contrary to our results, Elliott et al. [5] found no difference in professional players’
serve speed regardless of their knee flexion efficiency. However, they reported the angle
of knee flexion at maximum shoulder external rotation (i.e., after the preparation phase),
when the knee is typically already extending [36]. While greater knee flexion at maximum
shoulder external rotation could be due to a greater knee flexion during the preparation
phase [5], it is also reasonable to believe that the opposite could be true. Speculatively,
players with less knee flexion at maximum shoulder external rotation could be the ones who
flexed their knee more during the preparation phase of a serve and had a more effective
lower limb drive. Therefore, examining knee flexion during the preparation phase is a more
appropriate method to evaluate the contribution of knee flexion to serve performance.

In contrast to our hypothesis, the normalized racket impact height was not different
between players with different knee flexion magnitudes. Although the players with greater
knee flexion had a more effective lower limb drive and, therefore, a potential to reach
higher, their racket impact height was not greater, as we expected. Our result agrees with
Girard et al. [8], who did not find an association between vertical ground reaction force
and racket impact height during the serve of intermediate-level tennis players. Although
these authors did not measure knee flexion, the vertical ground reaction force is expected
to increase as knee flexion increases during the serve preparation phase [7]. A possible
explanation for these findings relies on a dependency of racket impact height on other
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factors, such as the ball toss height and shoulder mobility, which were not measured. As
the racket height at impact depends on the ball location, if the ball toss height is low, for
example, the player will not hit at higher locations. Similarly, shoulder mobility deficits
may limit the player’s ability to hit the ball higher at serve impact.

The maximum knee flexion values found in the present study, using an inertial mea-
surement system, were within the range found in other studies that used optoelectronic
motion analysis [12,27] or videography systems [6]. However, the pre-impact racket resul-
tant velocity was lower than the reported in other studies [30,31]. This difference may be
explained by the differences in the sample’s level of play and methods used. The participants
of Gillet et al. [30] and Rogowski et al.’s [31] studies were advanced tennis players (ITN 2 to
4), whereas the participants of our study were intermediate level. It is known that the level
of play impacts serve speed. Higher play levels are related to greater serve speed [6,39]. The
difference in racket velocity may also be explained by the different methods for measuring
the racket’s velocity. Gillet et al. [30] and Rogowski et al. [31] reported the velocity at the
centre of the racket face. In contrast, in the current study, the inertial sensor to track racket
velocity was placed on the top of the grip (Figure 1). Mitchell et al. [29] found differences
of up to 70% when comparing racket velocity measured at the centre of the racket face
and around the middle portion of the grip. Our results seem to agree with the literature if
considering the location on the racket where the velocity was tracked.

The method used in the present study brings some limitations that should be discussed.
The inertial system’s wireless update rate may be considered low (60 Hz), which was the
instrument’s maximum frequency. However, each inertial sensor internally sampled
data at a high frequency (1000 Hz), which helped maintain acquisition accuracy during
dynamic motion. Another limitation was the fact that this study did not investigate
the effects of greater knee flexion during the preparation phase of the serve on upper
joint motions (trunk and dominant upper limb). Since these joint motions could also
be related to serve performance, more studies must explore these effects. Moreover, the
neuromusculoskeletal maturity (e.g., growth rate) of the studied adolescents, which affects
their physical capabilities and coordination, was not controlled. However, all participants
were competitive athletes with approximately seven years of tennis experience, and so
their high skill level may have helped to overcome the possible impact of physiological
changes (not measured) on their performance.

To the best of our knowledge, this is the first study to investigate the effects of lower
limb motion on serve performance on the tennis court (sport-specific setting) with an
inertial measuring system. This approach indicates that using these types of sensors
can provide more realistic analyses than those performed in a laboratory setting. Sports
scientists and professionals can rely on the method used and consider the results obtained
in their practice. However, further studies are necessary to investigate the effects of specific
methods to increase knee flexion during the preparation phase on serve performance.

5. Conclusions

The serve pre-impact racket velocity of junior tennis players of intermediate level with
greater knee flexion during the serve preparation phase was higher than for those with
less knee flexion. Additionally, greater knee extension velocity was found in this group,
indicating a more effective lower limb drive during the serve. However, the racket impact
height was not different between groups. The magnitude of knee flexion should be seen as
a contributor to the pre-impact racket velocity.

Author Contributions: Conceptualization, J.F.H., T.R.S., F.A.M., M.B., T.R.T.S. and S.T.F.; methodol-
ogy, J.F.H., T.R.S., M.B. and S.T.F.; software, J.F.H., F.A.M., M.B. and S.T.F.; validation, J.F.H. and S.T.F.;
formal analysis, J.F.H., T.R.S., F.A.M. and S.T.F.; investigation, J.F.H., T.R.T.S. and F.A.M.; resources,
J.F.H., F.A.M. and S.T.F., data curation, J.F.H.; writing—original draft preparation, J.F.H. and S.T.F.;
writing—review and editing, J.F.H., T.R.S., F.A.M., M.B., T.R.T.S. and S.T.F.; visualization, J.F.H.,
T.R.S., F.A.M., M.B., T.R.T.S. and S.T.F.; supervision, T.R.S., M.B. and S.T.F.; project administration,



Sensors 2021, 21, 5254 9 of 10

J.F.H., T.R.S. and S.T.F.; funding acquisition, T.R.S. and S.T.F. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Brazilian Funding Agencies: Coordenação de Aperfeiçoa-
mento de Pessoal de Nível Superior—CAPES, finance code 001 and process number 88887.364812/2019-
00, Conselho Nacional de Desenvolvimento Científico e Tecnológico—CNPQ, and Fundação de
Amparo à Pesquisa do Estado de Minas Gerais-FAPEMIG.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Ethics Committee of the Federal University
of Minas Gerais (UFMG) (protocol code 93692218.2.0000.5149 and date of approval: 9 August 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Acknowledgments: We thank the Serviço Social da Indústria (SESI)/Federação das Indústrias do
Estado de Minas Gerais (FIEMG) and the manager of the Innovation Center in Ergonomics, Carla
A. Gonçalves Sirqueira, for the availability of the inertial measuring system used in this study. We
also thank the tennis players for their voluntary participation, their coaches for the support, and the
Minas Tênis Clube and FlySports for their cooperation during this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Myers, N.L.; Kibler, W.B.; Lamborn, L.; Smith, B.J.; English, T.; Jacobs, C.; Uhl, T.L. Reliability and validity of a biomechanically

based analysis method for the tennis serve. Int. J. Sports Phys. Ther. 2017, 12, 437.
2. Dossena, F.; Rossi, C.; La Torre, A.; Bonato, M. The role of lower limbs during tennis serve. J. Sports Med. Phys. Fit. 2018, 58,

210–215. [CrossRef]
3. Bonato, M.; Maggioni, M.A.; Rossi, C.; Rampichini, S.; La Torre, A.; Merati, G. Relationship between anthropometric or functional

characteristics and maximal serve velocity in professional tennis players. J. Sports Med. Phys. Fit. 2015, 55, 1157–1165.
4. Hayes, M.J.; Spits, D.R.; Watts, D.G.; Kelly, V.G. Relationship between tennis serve velocity and select performance measures. J.

Strength Cond. Res. 2021, 35, 190–197. [CrossRef] [PubMed]
5. Elliott, B.; Fleisig, G.; Nicholls, R.; Escamilla, R. Technique effects on upper limb loading in the tennis serve. J. Sci. Med. Sport

2003, 6, 76–87. [CrossRef]
6. Sgro, F.; Mango, P.; Nicolosi, S.; Schembri, R.; Lipoma, M. Analysis of knee joint motion in tennis flat serve using low-cost

technological approach. In Proceedings of the 2013 International Workshop on Computer Science in Sports (IWCSS), Wuhan,
China, 1–2 August 2013; pp. 250–254. [CrossRef]

7. Girard, O.; Micallef, J.; Millet, G. Influence of restricted knee motion during the flat first serve in tennis. J. Strength Cond. Res.
2007, 21, 950–957. [CrossRef] [PubMed]

8. Girard, O.; Micallef, J.P.; Millet, G.P. Lower-limb activities during the power serve in tennis: Effects of performance level. Med.
Sci. Sports Exerc. 2005, 37, 1021–1029.

9. Brody, H. Unforced errors and error reduction in tennis. Br. J. Sports Med. 2006, 40, 397–400. [CrossRef]
10. Tanabe, S.; Ito, A. A three-dimensional analysis of the contributions of upper limb joint movements to horizontal racket head

velocity at ball impact during tennis serving. Sports Biomech. 2007, 6, 418–433. [CrossRef]
11. Elliott, B.; Marshall, R.N.; Noffal, G. Contributions of upper limb segment rotations during the power serve in tennis. J. Appl.

Biomech. 1995, 13, 433–442. [CrossRef]
12. Reid, M.; Elliott, B.; Alderson, J. Lower-limb coordination and shoulder joint mechanics in the tennis serve. Med. Sci. Sports Exerc.

2008, 40, 308–315. [CrossRef] [PubMed]
13. Kibler, B.W. Biomechanical analysis of the shoulder during tennis activities. Clin. Sports Med. 1995, 14, 79–85. [CrossRef]
14. Aroganam, G.; Manivannan, N.; Harrison, D. Review on Wearable Technology Sensors Used in Consumer Sport Applications.

Sensors 2019, 19, 1983. [CrossRef]
15. Stetter, B.J.; Ringhof, S.; Krafft, F.C.; Sell, S.; Stein, T. Estimation of Knee Joint Forces in Sport Movements Using Wearable Sensors

and Machine Learning. Sensors 2019, 19, 3690. [CrossRef] [PubMed]
16. Lapinski, M.; Brum Medeiros, C.; Moxley Scarborough, D.; Berkson, E.; Gill, T.J.; Kepple, T.; Paradiso, J.A. A Wide-Range,

Wireless Wearable Inertial Motion Sensing System for Capturing Fast Athletic Biomechanics in Overhead Pitching. Sensors 2019,
19, 3637. [CrossRef]

17. Camomilla, V.; Bergamini, E.; Fantozzi, S.; Vannozzi, G. Trends Supporting the In-Field Use of Wearable Inertial Sensors for Sport
Performance Evaluation: A Systematic Review. Sensors 2018, 18, 873. [CrossRef] [PubMed]

http://doi.org/10.23736/S0022-4707.16.06685-8
http://doi.org/10.1519/JSC.0000000000002440
http://www.ncbi.nlm.nih.gov/pubmed/29324575
http://doi.org/10.1016/S1440-2440(03)80011-7
http://doi.org/10.2991/iwcss-13.2013.66
http://doi.org/10.1519/R-20876.1
http://www.ncbi.nlm.nih.gov/pubmed/17685715
http://doi.org/10.1136/bjsm.2005.023432
http://doi.org/10.1080/14763140701491500
http://doi.org/10.1123/jab.11.4.433
http://doi.org/10.1249/mss.0b013e31815c6d61
http://www.ncbi.nlm.nih.gov/pubmed/18202570
http://doi.org/10.1016/S0278-5919(20)30259-3
http://doi.org/10.3390/s19091983
http://doi.org/10.3390/s19173690
http://www.ncbi.nlm.nih.gov/pubmed/31450664
http://doi.org/10.3390/s19173637
http://doi.org/10.3390/s18030873
http://www.ncbi.nlm.nih.gov/pubmed/29543747


Sensors 2021, 21, 5254 10 of 10

18. Mendes, J.J.A., Jr.; Vieira, M.E.M.; Pires, M.B.; Stevan, S.L., Jr. Sensor Fusion and Smart Sensor in Sports and Biomedical
Applications. Sensors 2016, 16, 1569. [CrossRef]

19. Fantozzi, S.; Giovanardi, A.; Magalhães, F.A.; Di Michele, R.; Cortesi, M.; Gatta, G. Assessment of three-dimensional joint
kinematics of the upper limb during simulated swimming using wearable inertial-magnetic measurement units. J. Sports Sci.
2016, 34, 1073–1080. [CrossRef]

20. Magalhaes, F.A.; Vannozzi, G.; Gatta, G.; Fantozzi, S. Wearable inertial sensors in swimming motion analysis: A systematic review.
J. Sports Sci. 2015, 33, 732–745. [CrossRef]

21. International Tennis Federation. International Tennis Number Manual: Guidelines to Help Create and Run a National Tennis
Rating System Using the International Tennis Number (2004). Available online: http://www.tennisplayandstay.com/media/13
1802/131802.pdf (accessed on 24 May 2021).

22. Soucie, J.M.; Wang, C.; Forsyth, A.; Funk, S.; Dennis, M.; Roach, K.E.; Boone, D. Range of motion measurements: Reference values
and a database for comparison studies. Haemophilia 2011, 17, 500–507. [CrossRef]

23. Xsens Technologies B.V. MVN User Manual 2021. Available online: https://www.xsens.com/hubfs/Downloads/usermanual/
MVN_User_Manual.pdf (accessed on 24 May 2021).

24. Blair, S.; Duthie, G.; Robertson, S.; Hopkins, W.; Ball, K. Concurrent validation of an inertial measurement system to quantify
kicking biomechanics in four football codes. J. Biomech. 2018, 17, 24–32. [CrossRef] [PubMed]

25. Al-Amri, M.; Nicholas, K.; Butoon, K.; Sparkes, V.; Sheeran, L.; Davies, J. Inertial measurement units for clinical movement
analysis: Reliability and concurrent validity. Sensors 2018, 18, 719. [CrossRef] [PubMed]

26. Keaney, E.M.; Reid, M. Quantifying hitting activity in tennis with racket sensors: New dawn or false dawn. Sports Biomech. 2020,
19, 831–839. [CrossRef]

27. Whiteside, D.; Elliott, B.; Lay, B.; Reid, M. The effect of age on discrete kinematics of the elite female tennis serve. J. Appl. Biomech.
2013, 29, 573–582. [CrossRef]

28. Lees, A.; Barton, G.; Robinson, M. The influence of cardan rotation sequence on angular orientation data for the lower limb in the
soccer kick. J. Sports Sci. 2010, 28, 445–450. [CrossRef] [PubMed]

29. Kwon, S.; Pfister, R.; Hager, R.L.; Hunter, I.; Seeley, M.K. Influence of tennis racquet kinematics on ball topspin angular velocity
and accuracy during the forehand groundstroke. J. Sports Sci. Med. 2017, 16, 505.

30. Gillet, B.; Rogowski, I.; Monga-Dubreuil, E.; Begon, M. Lower trapezius weakness and shoulder complex biomechanics during
the tennis serve. Med. Sci. Sports Exerc. 2019, 51, 2531–2539. [CrossRef]

31. Rogowski, I.; Creveaux, T.; Cheze, L.; Mace, P.; Dumas, R. Effects of the racket polar moment of inertia on dominant upper limb
joint moments during tennis serve. PLoS ONE 2014, 9, e104785. [CrossRef]

32. Lee, D.K. Alternatives to P value: Confidence interval and effect size. Korean J. Anesthesiol. 2016, 69, 555–562. [CrossRef]
33. Anderson, D.L.; Sidaway, B. Coordination Changes Associated with Practice of a Soccer Kick. Res. Q. Exerc. Sport 1994, 65, 93–99.

[CrossRef]
34. Komi, P.V. Stretch-shortening cycle: A powerful model to study normal and fatigued muscle. J. Biomech. 2000, 33, 1197–1206.

[CrossRef]
35. Nicol, C.; Avela, J.; Komi, P.V. The Stretch-Shortening Cycle. Sports Med. 2006, 36, 977–999. [CrossRef] [PubMed]
36. Martin, C.; Bideau, B.; Bideau, N.; Nicolas, G. Energy flow analysis during the tennis serve: Comparison between injured and

noninjured tennis players. Am. J. Sports Med. 2014, 42, 2751–2760. [CrossRef] [PubMed]
37. Subijana, C.L.; Navarro, E. Kinetic energy transfer during the tennis serve. Biol. Sport 2010, 27, 3–11. [CrossRef]
38. Wong, F.K.H.; Keung, J.H.K.; Lau, N.M.L.; Ng, D.K.S.; Chung, J.W.Y.; Chow, D.H.K. Effects of body mass index and full body

kinematics on tennis serve speed. J. Hum. Kinet. 2014, 40, 21–28. [CrossRef]
39. Palmer, K.; Jones, D.; Morgan, C.; Zeppieri, G., Jr. Relationship Between Range of Motion, Strength, Motor Control, Power, and

the Tennis Serve in Competitive-Level Tennis Players: A Pilot Study. Sports Health 2018, 10, 462–467. [CrossRef] [PubMed]
40. Fett, J.; Ulbricht, A.; Ferrauti, A. Impact of physical performance and anthropometric characteristics on serve velocity in elite

junior tennis players. J. Strength Cond. Res. 2020, 34, 192–202. [CrossRef] [PubMed]

http://doi.org/10.3390/s16101569
http://doi.org/10.1080/02640414.2015.1088659
http://doi.org/10.1080/02640414.2014.962574
http://www.tennisplayandstay.com/media/131802/131802.pdf
http://www.tennisplayandstay.com/media/131802/131802.pdf
http://doi.org/10.1111/j.1365-2516.2010.02399.x
https://www.xsens.com/hubfs/Downloads/usermanual/MVN_User_Manual.pdf
https://www.xsens.com/hubfs/Downloads/usermanual/MVN_User_Manual.pdf
http://doi.org/10.1016/j.jbiomech.2018.03.031
http://www.ncbi.nlm.nih.gov/pubmed/29602475
http://doi.org/10.3390/s18030719
http://www.ncbi.nlm.nih.gov/pubmed/29495600
http://doi.org/10.1080/14763141.2018.1535619
http://doi.org/10.1123/jab.29.5.573
http://doi.org/10.1080/02640410903540352
http://www.ncbi.nlm.nih.gov/pubmed/20155569
http://doi.org/10.1249/MSS.0000000000002079
http://doi.org/10.1371/journal.pone.0104785
http://doi.org/10.4097/kjae.2016.69.6.555
http://doi.org/10.1080/02701367.1994.10607603
http://doi.org/10.1016/S0021-9290(00)00064-6
http://doi.org/10.2165/00007256-200636110-00004
http://www.ncbi.nlm.nih.gov/pubmed/17052133
http://doi.org/10.1177/0363546514547173
http://www.ncbi.nlm.nih.gov/pubmed/25167995
http://doi.org/10.5604/20831862.927494
http://doi.org/10.2478/hukin-2014-0003
http://doi.org/10.1177/1941738118785348
http://www.ncbi.nlm.nih.gov/pubmed/29965792
http://doi.org/10.1519/JSC.0000000000002641
http://www.ncbi.nlm.nih.gov/pubmed/29912079

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	Data Processing and Reduction 
	Reliability 
	Statistical Analysis 

	Results 
	Participants 
	Tennis Serve Performance and Knee Extension Velocity 

	Discussion 
	Conclusions 
	References

