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Purpose: To examine the effects of different warm-up methods on 50 m breaststroke performance in both breaststroke specialists and individual medley swimmers.Methods: 18 swimmers (breaststroke group: 9, individual medley group: 9) who met the qualification standards for the National Intercollegiate Athletic Games participated in this study. Each participant completed four different warm-up protocols (a conventional 1,400 m warm-up and a 700 m conventional warm-up that integrated tubing-assisted (TA), paddle (PD), or squat (SQ) warm-ups) over four separate days. Following each warm-up protocol, a 50 m breaststroke performance test was conducted with inertial measurement unit (IMU) sensors attached to specific body segments to evaluate and compare stroke performance, stroke length, stroke frequency, and the acceleration of the hands, sacrum, and feet across different warm-up methods.Results: The breaststroke specialists who performed the TA warm-ups recorded significantly less time than those who performed the conventional 1,400 m warm-ups (35.31 ± 1.66 s vs. 35.67 ± 1.83 s, p = 0.006). There was a trend that individual medley specialists who performed the SQ warm-ups recorded less time than those who performed the PD warm-ups (34.52 ± 1.45 s vs. 34.92 ± 1.46 s, p = 0.043). The stroke length of breaststroke specialists following the TA warm-ups was shorter than that following the PD warm-ups, the SQ warm-ups, and the conventional 1,400 m warm-ups. Breaststroke specialists who engaged in the TA warm-ups had higher stroke frequency than those who engaged in the conventional 1,400 m warm-ups, the SQ warm-ups, and the PD warm-ups. During the TA warm-ups, breaststroke specialists exhibited a shorter stroke length and a higher stroke frequency than individual medley specialists. Acceleration data from the center of mass and limb segments, recorded by IMUs, were insufficient to fully explain the variations in stroke frequency, stroke length, and overall performance caused by the different warm-up protocols.Conclusion: Breaststroke specialists exhibited significant improvement in their 50 m breaststroke performance after the TA warm-up. By contrast, individual medley specialists benefited more from the SQ warm-up.Keywords: dynamic warm-ups, breaststroke specialists, individual medley swimmers, motion analysis, IMU
1 INTRODUCTION
In international short-distance swimming competitions, a difference of one-hundredth of a second often determines the outcome of a race. For example, during the 2022 World Aquatics Championships, the difference between the first and second place in the men’s 50-m breaststroke was only 0.03 s (www.fina.org). In competitions at this level, any change that results in slight variations in speed must be seriously considered (Stewart and Hopkins, 2000). Such variations in speed are vital to breaststroke swimmers, which Kolmogorov et al. (1997) indicated has the poorest hydrodynamics and the highest resistance of all swimming styles. Therefore, effectively improving metrics such as range of motion, speed, and power in breaststroke is crucial for enhancing competitive performance.
Athletes commonly use dynamic warm-ups to enhance performance. Such warm-ups can be adjusted by varying the resistance of exercises to achieve varied intensities and neuromuscular adaptations (Bishop, 2003; Neiva et al., 2014). Unlike static stretching, dynamic warm-ups can increase the range of motion without negatively affecting maximum strength and explosiveness (Behm et al., 2016). The improvement in performance from dynamic warm-ups is due to increased muscle temperature, increased muscle blood flow, and enhanced motor unit recruitment (Bishop, 2003; Neiva et al., 2014).
In practice, swimmers often use hand paddles for sprint warm-ups, similar to weighted warm-ups on land that provide a stimulus to enhance performance during competition. Most coaches believe this can improve swimmers’ stroke length and speed. These methods are like those employed by athletes in other sports in that they involve increasing resistance in movements that mimic competition actions, such as performing weighted lunges, engaging in sled sprints, and adding weighted bats (Beato et al., 2020; Reyes and Dolny, 2009; Seitz et al., 2017). Furthermore, this concept is not limited to using movements similar to those performed during competition. Incorporating resistance training exercises into the warm-up can compel motor units to recruit more muscle fibers (Conrado de Freitas et al., 2021), thereby enhancing the athlete’s explosive performance (Brown et al., 2023; Esformes and Bampouras, 2013). For example, Esformes and Bampouras (2013) observed that performing squats at 3 repetition maximum (RM) intensity improved countermovement jump (CMJ) performance after 5 min. In swimming competitions, more and more coaches regard this warm-up method as a way to enhance stroke distance and incorporate it into pre-race preparations. Other methods involve reducing resistance during dynamic warm-ups, commonly seen in swimming as well, where resistance tubes are used to propel athletes in the direction of a sprint. This technique aims to help swimmers achieve faster movement speeds or higher stroke frequencies during warm-ups, with the intention of translating this advantage into their performance in swimming competitions. This strategy is similar to assisted jumps in land-based sports, allowing athletes to move with less resistance and increasing their movement speed (Sheppard et al., 2011). Assisted training works by reducing the athlete’s body weight, thereby overcoming inertia during the movement process to achieve faster speeds during the power output phase, known as overspeed (Sheppard et al., 2011; Stien et al., 2020). This effect enables athletes to recruit muscles more rapidly during competition (Cazas et al., 2013). In addition to the traditional long-distance swimming warm-up methods, coaches are using the three aforementioned methods to warm up their athletes. However, there has yet to be a clear comparison of how these warm-up methods affect swimmers’ performance in the 50-m breaststroke event.
Various instruments have been utilized to analyze swimming movements. Three-dimensional (3D) motion analysis captures movement in three-dimensional space. It provides a comprehensive understanding of motion, including rotations and depth. Two-dimensional (2D) motion analysis tracks motion in a two-dimensional plane. It is commonly used for planar movements where depth is not included. Underwater 3D analysis systems are considered the most reliable and valid by numerous scholars and coaches (Chung and Ng, 2012). However, due to the cost and limited availability of underwater 3D analysis systems, most coaches currently use 2D methods for underwater movement analysis (Cortesi et al., 2019). 2D analysis requires synchronizing a sagittal plane camera and a frontal plane camera and manual identification of joint positions. This complex method poses challenges to accurate and efficient recording (Ceseracciu et al., 2011). In recent years, a simpler method based on inertial measurement units (IMUs) has been employed for swimming movement analysis. IMUs can be used to continually analyze and monitor the swimming process and are not confined to a single space, substantially enhancing their applicability (Dadashi et al., 2012; Mooney et al., 2015).
Several studies have used IMUs to interpret variations in center of mass and segmental instantaneous velocities during freestyle swimming, verifying their accuracy in detecting intracycle variability (Cortesi et al., 2019; Dadashi et al., 2012). However, few experiments have utilized IMUs to analyze breaststroke movements. Gonjo et al. (2022) employed video analysis to identify kinematic differences between breaststroke specialists and individual medley swimmers, discovering that breaststroke specialists exhibited greater swimming speed and stroke length, whereas individual medley swimmers exhibited higher stroke frequency, although this difference was nonsignificant. IMU analysis provides athletes with immediate feedback and greatly reduces the spatiotemporal constraints associated with fixed-position cameras.
Any method that can enhance breaststroke performance deserves attention. Although many coaches currently attempt various warm-up methods (such as using hand paddles, deep squats, or tubing-assisted exercises) to improve the performance of breaststroke and individual medley swimmers in competitions, there is a lack of research investigating the effects of these warm-up methods on breaststroke movements and performance. Therefore, the aim of the present study was to compare the effects of various warm-up methods (a conventional 1,400 m warm-up and a 700 m conventional warm-up that integrated tubing-assisted, paddle, or squat warm-ups) on the 50 m breaststroke performance of both breaststroke specialists and individual medley swimmers. The present study also examined the performance enhancements achieved through these warm-up methods for the two types of swimmers and utilized IMU-based kinematic analysis to assess the applicability of IMUs in analyzing breaststroke movement. The authors hypothesized that the use of swim paddles, resistance tubes, and squats would improve 50 m breaststroke kinematic performance. Additionally, the warm-up methods varied in their effects on the movement, strategies, and specializations of breaststroke specialists and individual medley swimmers.
2 MATERIALS AND METHODS
2.1 Participants
This study recruited 18 swimmers who met the swimming competition standards of the National Intercollegiate Athletic Games. Participants were required to have more than 4 years of swimming training and more than 1 year of professional strength training. This ensured that they could quickly familiarize themselves with our tests without requiring a long adaptation period. Additionally, participants were excluded if they had major musculoskeletal injuries, cardiovascular diseases, diabetes, or other medical conditions or surgeries within the 6 months prior to this study. Furthermore, participants were required to refrain from consuming alcohol or caffeine-containing beverages 24 h prior to each test or training intervention. The anthropometric characteristics of the participants are presented in Table 1.
TABLE 1 | Anthropometric characteristics of swimmers.
[image: Table 1]Prior to the experiment, participants were briefed regarding risks and asked to complete the American College of Sports Medicine’s Exercise Preparticipation Health Screening (Riebe et al., 2015). After completing the assessment, participants signed an informed consent form approved by the Institution Review Board of the University of Taipei. If participants experienced discomfort during the research process, they could withdraw from the study immediately.
2.2 Study design
This is a convenience sampling study that focuses on elite athletes. Participants were divided into two groups based on their specialization: a breaststroke group (n = 9; male = 7, female = 2) and an individual medley group (n = 9; male = 9). Each participant completed four types of warm-up protocols, including a conventional 1,400 m warm-up and a 700 m conventional warm-up that incorporated tubing-assisted (TA), paddle (PD), or squat (SQ) warm-ups. Following each warm-up protocol, a 50 m breaststroke performance test was conducted to evaluate and compare stroke performance, stroke length, stroke frequency, and the acceleration of the hands, sacrum, and feet across the different warm-up methods.
2.3 Procedures
Over the course of five visits to the research facility, with each visit spaced 1 week apart, participants completed a 1-repetition maximum (1 RM) strength test, followed by four swimming warm-up protocol trials. Initially, participants performed a 1,400 m warm-up swimming test. Subsequently, they completed the remaining warm-up swimming tests according to a counterbalanced design: the first participant in each group followed the order TA, PD, and SQ; the second participant completed the tests in the order PD, SQ, and TA; and the third participant used the sequence SQ, TA, and PD. This systematic rotation ensured that all participants underwent each warm-up protocol in a balanced and unbiased manner.
2.4 1 RM strength test
The 1 RM strength test was conducted according to the barbell back squat strength testing standards of the American College of Sports Medicine. Initially, participants performed two sets of between 8 and 10 warm-up repetitions at between 50% and 80% of their self-determined maximum intensity. Following the warm-up, the 1 RM test began with a weight that was 5% less than the participant’s perceived maximum strength. After each successful squat, the weight was increased by a maximum of 2%. Participants rested for 3 min between each attempt, and the maximum strength value was determined on the basis of between 3 and 6 attempts (Thompson et al., 2013).
2.5 Warm-up interventions
The warm-up protocol for this study was based on that in earlier studies. Each of the four warm-up methods was completed within 25 min. The conventional 1,400 m warm-up included several swimming techniques and paces: 400 m of swimming using a stroke and pace of choice; 200 m of pulling exercises (25 m steady/25 m fast); 200 m of kicking exercises using fins (15 m fast/35 m steady); four sets of 100 m, alternating between two pulling exercises and two individual medleys, with a 10 s rest between each set; 100 m of simple swimming; and two sets of 50 m consisting of diving and swimming with a pace of 15 m fast/35 m easy (Ng et al., 2020). Before engaging in the TA, PD, and SQ warm-ups, participants completed a 700 m standard water warm-up, comprising 200 m of swimming with any stroke at any pace; 100 m of pulling exercises (25 m steady/25 m fast); 100 m of kicking exercises using fins (15 m fast/35 m steady); two sets of 100 m, comprising one pulling exercise and one individual medley, with a 10 s rest between each set; 50 m of relaxed swimming; and 50 m consisting of diving and swimming alternating 15 m fast/35 m relaxed (Cuenca-Fernández et al., 2020; Ng et al., 2020). Following the water warm-up, participants rested for 5 min before performing each of the following three warm-up exercises: (1) TA Warm-up: Two 20 m TA swims, with a 2-min rest between each. During the TA warm-up, one end of a tube (StrechCordz® resistance band, NZ Manufacturing, Tallmadge, OH, USA) was secured to the swimmer’s waist, while the other end was pulled by a researcher at the finish line as quickly as possible during the swimmer’s upper limb pull phase and lower limb kick phase (Figure 1A). (2) PD Warm-up: Two 20 m sprints were performed using swim paddles (Strokemakers Technique Swimming Paddles, Strokemakers, Phoenix, AZ, USA) slightly larger than the palms of the swimmers’ hands for the breaststroke, with a 2-min rest between each sprint (Figure 1B). (3) SQ Warm-up: Two sets of three repetitions of barbell back squat at 85% of 1 RM, with a 2-min rest between sets (Figure 1C).
[image: Figure 1]FIGURE 1 | Different warm-up methods. (A) Tubing assisted (TA) (B) Paddle (PD) (C) Squat (SQ).
2.6 Swimming test
The 50 m breaststroke swimming test was conducted in an international-standard 50 m swimming pool and timed using a SEIKO swimming timing system and a starting pistol. Two cameras (120 Hz with a resolution of 1080p) (GoPro Hero6, GoPro, Inc., San Mateo, CA, United States) were positioned poolside to record the time from the dive start to the 15 m and 25 m marks. These two time points represent the swimmers’ starting ability and performance during the first half of the race. The flashing light of the starting pistol synchronized all cameras. After the test, Kinovea video analysis software (v. 0.8.26, Kinovea, Paris, France) was used to analyze the split time at 15 m and 25 m. During the breaststroke test, IMUs (Xsens DOT, Movella Inc., Henderson, NV, United States) were employed to record the maximum forward and backward accelerations of the hands, the maximum forward acceleration of the sacrum, and the maximum backward acceleration of the feet at a frequency of 120 Hz. For stroke phase analysis, an iPhone 13 (Apple, United States) was used to record at 120 frames per second (FPS) with a resolution of 1080p in the slow-motion video section, capturing the distance from the dive start to the 50 m mark along the poolside. A custom piezoelectric synchronization device was connected to a nonattached IMU and a light-emitting diode (LED) device. Pressing the piezoelectric synchronization device caused the IMU to shake and the LED device to flash, enabling the mobile phone to capture both actions simultaneously for precise synchronization. The swimming test subsequently commenced to enable the mobile phone to record swimming motions and phases, the IMUs to collect data, and stroke rates and stroke lengths to be calculated.
2.7 Data processing
Video analysis was conducted using Kinovea, an open-source software program, to analyze footage from the 15 m and 25 m marks. The starting point for timing was the flash of the starting pistol, and the end point was when the swimmer’s fingertip touched the 15 m or 25 m mark. The split time for the segment between 15 and 25 m was calculated by subtracting the 15 m split from the 25 m split, and the split time for the segment between 25 and 50 m was calculated by subtracting the 25 m split from the 50 m split. Additionally, video recordings of the entire 50 m breaststroke were used to determine stroke rate and stroke length for the segments between 15 and 25 m and between 25 and 50 m. Stroke rate was calculated by dividing the number of stroke cycles completed by the time taken for each segment, whereas stroke length was calculated by dividing the segment distance by the number of stroke cycles completed. A single stroke cycle was defined starting from the arm glide phase, where the arms were fully extended forward until they began moving backward, and concluding with the recovery two arms phase, where the arms returned forward to a 90° angle relative to the forearm and the arms were again fully extended (Strzala et al., 2013).
IMU data were collected to analyze the forward acceleration of the hands, sacrum, and feet over three complete stroke cycles closest to the 15 m, 25 m, and 50 m marks. The accelerations of the hands and feet were standardized relative to the forward acceleration of the sacrum. The average maximum accelerations of the hands, feet, and sacrum during the three stroke cycles at 15, 25, and 50 m were used for statistical analysis. The phases of the breaststroke cycle, illustrated in Figure 2, involve the body extending to the farthest point and transitioning to the upper limb pull and lower limb recovery phase, following which the foot pushes backward as the upper limb recovers and enters the lower limb kick phase before the body extends again to its farthest point.
[image: Figure 2]FIGURE 2 | Phases of breaststroke movements.
2.8 Statistical analysis
All data were analyzed using SPSS (IBM SPSS Version 25.0, Chicago, IL). G*Power was utilized to calculate the required sample size for a two-group design with four measurements, using an effect size of 0.5, an alpha level of 0.05, and a power of 0.8. The analysis type was “ANOVA: Repeated measures, within-between interaction,” with an assumed moderate correlation among measures (0.5) and a nonsphericity correction factor of 1 (Faul, et al., 2009). Based on these parameters, G*Power determined that each group would need 8 participants. However, due to the availability of participants and to enhance the robustness of the findings, 9 participants were recruited per group. Shapiro-Wilk tests were performed to assess the normality of the data distribution. If the data did not follow a normal distribution, non-parametric analysis was employed. A two-way mixed-design ANOVA (4 warm-ups * 2 groups) was employed to compare the effects of the four warm-ups (1,400 m, TA, PD, SQ) on the performance of breaststroke and individual medley specialists. If an interaction was observed, a one-way repeated measures ANOVA was performed to compare the differences between warm-ups within each group. Additionally, an independent sample t-test was conducted to examine differences between the two specialties for the same warm-up. Statistical significance was set at α = 0.05. Partial eta-squared (ηp2) values were calculated to assess the effect sizes for main effects and interaction effects, categorized as small (0.01 ≤ ηp2 < 0.06), medium (0.06 ≤ ηp2 < 0.14), and large (ηp2 ≥ 0.14) (Cohen, 2013). In the presence of a significant interaction effect, a Bonferroni post hoc test was conducted to identify specific differences, accounting for the small sample size.
3 RESULTS
The time for the 50 m breaststroke test at the 15, 25, and 50 m marks, in addition to the split time, are presented in Table 2. The results of the analysis indicated an interaction between the warm-up protocols and the specialties in the time for the 50 m breaststroke test (F (3, 48) = 2.342, p = 0.038, ηp2 = 0.477). Post hoc comparisons revealed that the breaststroke specialists performing the TA warm-ups reached the 15, 25, and 50 m marks in fewer seconds than those performing the conventional 1,400 m warm-ups (p = 0.006). Additionally, swimmers performing the PD warm-ups reached the 15, 25, and 50 m marks more rapidly than did those performing the conventional 1,400 m warm-ups (p = 0.023) and the squat warm-up (p = 0.035). Individual medley specialists who performed the SQ warm-ups reached the marks more rapidly than did those who performed the PD warm-ups (p = 0.043). An interaction was observed in the split time for the segment between 25 and 50 m (F (3, 48) = 2.177, p = 0.037, ηp2 = 0.417). Post hoc comparisons revealed that breaststroke specialists who performed the TA warm-ups had shorter split time than did those who performed the conventional 1,400 m warm-ups (p = 0.037). Finally, the PD warm-ups were associated with shorter split time than the SQ warm-ups (p = 0.029).
TABLE 2 | Split time for 50 m breaststroke race.
[image: Table 2]A significant interaction was observed between the warm-ups and the specialties in stroke length (F (3, 48) = 4.453, p = 0.048, ηp2 = 0.316) and frequency (F (3, 48) = 6.680, p = 0.005, ηp2 = 0.295) from 25 to 50 m (Table 3). Post hoc comparisons revealed that the stroke length of breaststroke specialists following the TA warm-ups was significantly shorter than that following the PD warm-ups (p = 0.001), the SQ warm-ups (p = 0.001), and the conventional 1,400 m warm-ups (p = 0.012). Additionally, the stroke length during the SQ warm-ups was significantly longer than during the conventional 1,400 m warm-up (p = 0.008). Furthermore, breaststroke specialists who engaged in the TA warm-ups had significantly higher stroke frequency than those who engaged in the conventional 1,400 m warm-ups (p = 0.005), the SQ warm-ups (p = 0.001), and the PD warm-ups (p = 0.014). The stroke frequency during the conventional 1,400 m warm-ups (p = 0.004) and the PD warm-ups (p = 0.015) was also higher than that during the SQ warm-ups. Finally, during the TA warm-ups, breaststroke specialists exhibited a shorter stroke length (p = 0.010) and a higher stroke frequency than individual medley specialists (p = 0.005).
TABLE 3 | Split stroke length and frequency for 50 m breaststroke race.
[image: Table 3]An analysis of segmental acceleration revealed that the data of the maximum forward acceleration of the hand did not exhibit a normal distribution. The Friedman test was used to analyze the differences among the four warm-up methods within each group of swimmers, and the Mann-Whitney U test was employed to compare the differences between the two groups across various warm-up methods. The results showed no significant differences in the maximum forward acceleration of the hand across the four warm-up methods within each group of swimmers. However, the comparison between breaststroke and medley specialists revealed that breaststroke specialists demonstrated faster maximum forward acceleration of the hand following TA warm-ups at the 15 m mark (p = 0.031), SQ warm-ups at the 25 m mark (p = 0.018), and after 1,400 m (p = 0.024) and SQ warm-ups (p = 0.009) near the 50 m destination. Additionally, at the 25 m mark, an interaction between the warm-ups and specialties for the maximum forward acceleration of the sacrum (F (3, 48) = 1.075, p = 0.038, ηp2 = 0.067) and the maximum backward acceleration of the foot (F (3, 48) = 1.704, p = 0.032, ηp2 = 0.557) was observed. Individual medley specialists exhibited higher maximum forward sacrum acceleration following the SQ warm-ups than following the TA warm-ups (p = 0.048). During the PD warm-ups, the maximum backward acceleration of the foot was significantly greater for breaststroke specialists than individual medley specialists (p = 0.009) (Table 4).
TABLE 4 | Split acceleration of each body segment for 50 m breaststroke race.
[image: Table 4]4 DISCUSSION
The various warm-ups induced varying effects on breaststroke and individual medley specialists, particularly in changes in stroke length and stroke frequency beyond the 25 m mark. The test results indicate that the TA warm-ups significantly improved stroke frequency, enhancing the 50 m breaststroke performance of breaststroke specialists. Resistance-based PD warm-ups also modestly improved their performance. These findings are consistent with those of studies in which warm-ups mimicked swimming motions (Hancock et al., 2015; McGowan et al., 2016). Both dryland strength warm-ups simulating the swimming kinetic chain and using a resistive power rack to provide resistance in water for repeated sprint warm-ups showed significantly better performance in the 100 m freestyle. However, other studies have demonstrated no significant improvement in swimming performance following specialized warm-ups such as 5 repetitions of the inertial flywheel or Smith machine or using one set of three reps at 87% 1RM back squats as a warm-up (Cuenca-Fernández et al., 2020; Kilduff et al., 2011; Sarramian et al., 2015). This discrepancy may be due to these studies requiring participants to engage in resistance-based warm-ups to recruit muscle fibers to improve performance. Sharma et al. (2018) noted that resistance-based warm-ups may cause inconsistent fatigue dissipation durations compared with bodyweight plyometric warm-ups. Consequently, although resistance-based warm-ups can enhance strength and power, they may also result in residual fatigue that outweighs performance benefits. Therefore, when implementing resistance-based warm-ups, it is essential to consider the athletes’ individual capabilities to avoid performance being negatively impacted by slower fatigue recovery. In this study, whether providing a similar amount of resistance-based warm-ups to each athlete resulted in varying levels of fatigue, thereby diminishing the effectiveness of such warm-ups, particularly in the case of SQ warm-ups, remains unclear and warrants further investigation. Studies have verified that assisted warm-ups can enhance both jumping and sprinting performance on land, and such warm-ups are also widely performed in competitive swimming. However, no studies have directly verified the benefits of assisted warm-ups on swimming performance (Cazas et al., 2013; Nealer et al., 2017). Unlike other warm-ups, the TA warm-ups reduce resistance and enable swimmers to achieve an overspeed effect (Sheppard et al., 2011; Stien et al., 2020). This can result in faster recruitment of motor units and increase movement speed and frequency (Cazas et al., 2013). This means that it enhances the speed-strength portion of the force-velocity curve, emphasizing the speed of recruitment over the recruitment of more motor units (Cross et al., 2017). An overspeed effect was also observed in the present study, in which the stroke frequency of swimmers performing TA warm-ups from 15 to 50 m was significantly higher than that of those performing the other three warm-up methods. This effect was particularly evident in breaststroke specialists, who exhibited a significantly higher stroke frequency and shorter time in the final 25 m after engaging in TA warm-ups compared with the conventional 1,400 m warm-up. This result indicates that the TA warm-ups increased stroke frequency and synergized with breaststroke specialists’ strategy of using a high stroke frequency during the 50 m breaststroke sprint. Additionally, in breaststroke specialists, the SQ and PD warm-ups resulted in longer stroke lengths in the final 25 m, whereas the TA warm-ups resulted in the shortest stroke length. This discrepancy may be due to the resistance-based nature of both the SQ and PD warm-ups, which can improve the neuromuscular recruitment of motor units, enabling swimmers to gain strength after a brief rest (Tillin and Bishop, 2009) and resulting in increased distance covered per stroke. This approach leans more towards the strength-speed portion of the force-velocity curve, focusing on recruiting more motor units to generate power rather than speed. As a result, each stroke covers a longer distance, but it also comes at the cost of a reduced stroke frequency (Cross et al., 2017).
The two resistance-based warm-up methods in this study had varying objectives. Specifically, the SQ warm-up, performed at 85% of 1 RM for five repetitions per set, focused on developing lower limb strength rather than frequency to increase the efficiency of each kick. By contrast, the PD warm-up targeted the upper limbs, utilizing a posture closer to the actual breaststroke to enhance upper limb strength and improve the propulsion of each stroke. The results indicate that both resistance-based warm-ups resulted in a slight increase in stroke length particularly between 25 and 50 m, but a decrease in stroke frequency was also observed, leading to no significant change in time during this interval for both groups of swimmers.
Breaststroke specialists engage in specific and intensive training for the breaststroke, leading to increased mastery, strength control, frequency, and proficiency in this stroke compared with individual medley swimmers. By contrast, individual medley swimmers, who primarily compete in 200 m events, often adopt a gliding strategy to conserve energy during the 50 m breaststroke. This difference results in variations in frequency and movement control between the groups. Thus, breaststroke and individual medley swimmers should employ different warm-ups. For breaststroke specialists, who prefer a high frequency strategy for the 50 m breaststroke, the TA warm-ups, which enhance movement speed and frequency, most significantly improved performance. By contrast, for individual medley swimmers, whose stroke efficiency and kick propulsion require improvement, the SQ warm-up led to slight improvements. Further studies are required to determine whether varying resistance loads and repetitions yield improved results for individual medley swimmers.
Other studies have verified the accuracy of IMUs in measuring instantaneous speed and intracycle variability in swimmers. However, no studies have compared differences in the center of mass and limb segment accelerations between swimmers of varying specialties employing varied interventions and segments using IMUs (Dadashi et al., 2012; Hamidi Rad et al., 2022). Studies have demonstrated that propulsion in breaststroke primarily results from the upper limb pull during the upper limb propulsion phase and the whip kick during the lower limb propulsion phase. Additionally, reducing the time required for the upper limb recovery phase, in which the hand returns to a position parallel to the head with the elbow fully extended, can accelerate the swimming cycle (Strzala et al., 2013; Strzała et al., 2012). To investigate these variations more accurately and conveniently, this study attached IMUs to the hands, sacrum, and feet of the swimmers to measure acceleration during the propulsion and recovery phases. Analyzing movements at approximately 15, 25, and 50 m, We observed that breaststroke specialists exhibited significantly higher maximum forward hand accelerations under certain warm-up conditions during the 50 m breaststroke compared to individual medley specialists. This finding is consistent with our previous observations and suggests that breaststroke specialists prefer shorter stroke cycles to increase frequency during the 50 m breaststroke. At the 25 m mark, the IMU data revealed that the individual medley specialists had a faster forward sacrum acceleration following the SQ warm-up, indicating that this warm-up improved their propulsion. Additionally, following the PD warm-up, the breaststroke specialists had a higher maximum backward foot acceleration than the individual medley specialists, indicating superior lower limb propulsion by the breaststroke specialists. However, these findings were insufficient to fully explain the variations in stroke frequency, stroke length, and overall performance resulting from the various warm-up protocols. Future studies should include an analysis of the movement angles and angular accelerations of each limb segment and incorporate electromyographic analysis to provide additional insights into the neuromuscular adaptations that breaststroke specialists undergo during the TA warm-ups, which increase stroke frequency and enhance performance in the 50 m breaststroke.
By observing the stroke length and frequency of breaststroke and individual medley swimmers during the 50-m breaststroke race, we could identify the factors influencing swimming performance, as a previous study mentioned (Simbaña-Escobar et al., 2020). The association between stroke length and frequency is analogous to that of stride length and frequency in running; although an inverse relationship exists between these two variables, increasing either can enhance performance (Gonjo et al., 2022; Hunter et al., 2004). Additionally, one study comparing 200 m breaststroke specialists with individual medley swimmers demonstrated that, due to energy expenditure over the longer distance, breaststroke specialists have a longer stroke length without a significant difference in frequency. This finding indicates that breaststroke specialists exhibit superior propulsion efficiency (Gonjo et al., 2022). By contrast, the experiment of the present study focused on the 50 m breaststroke, a distance for which energy expenditure is less critical. Throughout the experiment, breaststroke specialists generally emphasized increasing stroke frequency to achieve acceleration, a common strategy for enhancing speed (Barbosa et al., 2008; Takagi et al., 2023). However, individual medley swimmers tended to adopt a larger stroke length to compensate for their insufficient thrust and low propulsion efficiency.
This study has several limitations. First, the small sample size and unequal sex distribution across groups reduce statistical power, limit generalizability, and require cautious interpretation. Second, unlike official competitions where athletes compete against each other, this experiment used individual timed trials, which may have influenced the swimmers’ psychological preparedness. Third, attaching IMUs to the swimmers may have affected water resistance and their perception of the swimming experience.
5 CONCLUSION
This study revealed differences in the 50 m breaststroke strategies of breaststroke specialists and individual medley specialists. Specifically, breaststroke specialists exhibited a higher stroke frequency, whereas individual medley specialists had a longer stroke length. Although both groups achieved similar results in the 50 m breaststroke, the effects of the various warm-ups varied. Breaststroke specialists exhibited significant improvement in their 50 m breaststroke performance after the TA warm-up. By contrast, individual medley specialists benefited more from the SQ warm-up. The improvement observed in breaststroke specialists was attributed to the increased stroke frequency induced by the TA warm-up, whereas the squat warm-up enhanced lower limb power in the individual medley specialists, improving an area of weakness unique to them. The use of IMUs to measure limb segment accelerations and center of mass acceleration provided insights into the variations in propulsion and recovery movements and forward acceleration during swimming. These data enable rapid analysis and presentation compared with conventional 2D video analysis, substantially reducing the time required to obtain and process data.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving humans were approved by University of Taipei Institutional Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.
AUTHOR CONTRIBUTIONS
H-YL: Writing–original draft, Writing–review and editing. TC: Writing–original draft, Writing–review and editing. C-CH: Writing–review and editing. N-WC: Writing–review and editing. Y-LC: Writing–review and editing. Y-ST: Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
We would like to thank all the swimmers participating in this study.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Barbosa, T. M., Fernandes, R. J., Keskinen, K. L., and Vilas-Boas, J. P. (2008). The influence of stroke mechanics into energy cost of elite swimmers. Eur. J. Appl. Physiol. 103 (2), 139–149. doi:10.1007/s00421-008-0676-z
 Beato, M., McErlain-Naylor, S. A., Halperin, I., and Dello Iacono, A. (2020). Current evidence and practical applications of flywheel eccentric overload exercises as postactivation potentiation protocols: a brief review. Int. J. Sports Physiol. Perform. 15 (2), 154–161. doi:10.1123/ijspp.2019-0476
 Behm, D. G., Blazevich, A. J., Kay, A. D., and McHugh, M. (2016). Acute effects of muscle stretching on physical performance, range of motion, and injury incidence in healthy active individuals: a systematic review. Appl. Physiol. Nutr. Metab. 41 (1), 1–11. doi:10.1139/apnm-2015-0235
 Bishop, D. (2003). Warm up I: potential mechanisms and the effects of passive warm up on exercise performance. Sports Med. 33 (6), 439–454. doi:10.2165/00007256-200333060-00005
 Brown, L., Doyle, G., Bruce-Low, S., Domingos, S., Anthony, K., Rowan, F., et al. (2023). Postactivation potentiation for muay Thai kicking performance. J. Strength Cond. Res. 37 (10), 2032–2037. doi:10.1519/jsc.0000000000004499
 Cazas, V. L., Brown, L. E., Coburn, J. W., Galpin, A. J., Tufano, J. J., Laporta, J. W., et al. (2013). Influence of rest intervals after assisted jumping on bodyweight vertical jump performance. J. Strength Cond. Res. 27 (1), 64–68. doi:10.1519/JSC.0b013e3182772f13
 Ceseracciu, E., Sawacha, Z., Fantozzi, S., Cortesi, M., Gatta, G., Corazza, S., et al. (2011). Markerless analysis of front crawl swimming. J. Biomech. 44 (12), 2236–2242. doi:10.1016/j.jbiomech.2011.06.003
 Chung, P. Y., and Ng, G. Y. (2012). Comparison between an accelerometer and a three-dimensional motion analysis system for the detection of movement. Physiotherapy 98 (3), 256–259. doi:10.1016/j.physio.2011.06.003
 Cohen, J. (2013). Statistical power analysis for the behavioral sciences. Academic Press. 
 Conrado de Freitas, M., Rossi, F. E., Colognesi, L. A., de Oliveira, J., Zanchi, N. E., Lira, F. S., et al. (2021). Postactivation potentiation improves acute resistance exercise performance and muscular force in trained men. J. Strength Cond. Res. 35 (5), 1357–1363. doi:10.1519/jsc.0000000000002897
 Cortesi, M., Giovanardi, A., Gatta, G., Mangia, A. L., Bartolomei, S., and Fantozzi, S. (2019). Inertial sensors in swimming: detection of stroke phases through 3D wrist trajectory. J. Sports Sci. Med. 18 (3), 438–447.
 Cross, M. R., Brughelli, M., Samozino, P., and Morin, J. B. (2017). Methods of power-force-velocity profiling during sprint running: a narrative review. Sports Med. 47 (7), 1255–1269. doi:10.1007/s40279-016-0653-3
 Cuenca-Fernández, F., Ruiz-Teba, A., López-Contreras, G., and Arellano, R. (2020). Effects of 2 types of activation protocols based on postactivation potentiation on 50-m freestyle performance. J. Strength Cond. Res. 34 (11), 3284–3292. doi:10.1519/jsc.0000000000002698
 Dadashi, F., Crettenand, F., Millet, G. P., and Aminian, K. (2012). Front-crawl instantaneous velocity estimation using a wearable inertial measurement unit. Sensors (Basel) 12 (10), 12927–12939. doi:10.3390/s121012927
 Esformes, J. I., and Bampouras, T. M. (2013). Effect of back squat depth on lower-body postactivation potentiation. J. Strength Cond. Res. 27 (11), 2997–3000. doi:10.1519/JSC.0b013e31828d4465
 Faul, F., Erdfelder, E., Buchner, A., and Lang, A. G. (2009). Statistical power analyses using G*Power 3.1: tests for correlation and regression analyses and regression analyses. Behav. Res. Methods . 41(4), 1149–1160. doi:10.3758/BRM.41.4.1149
 Gonjo, T., Polach, M., Olstad, B. H., Romann, M., and Born, D. P. (2022). Differences in race characteristics between world-class individual-medley and stroke-specialist swimmers. Int. J. Environ. Res. Public Health 19 (20), 13578. doi:10.3390/ijerph192013578
 Hamidi Rad, M., Gremeaux, V., Massé, F., Dadashi, F., and Aminian, K. (2022). Monitoring weekly progress of front crawl swimmers using IMU-based performance evaluation goal metrics. Front. Bioeng. Biotechnol. 10, 910798. doi:10.3389/fbioe.2022.910798
 Hancock, A. P., Sparks, K. E., and Kullman, E. L. (2015). Postactivation potentiation enhances swim performance in collegiate swimmers. J. Strength Cond. Res. 29 (4), 912–917. doi:10.1519/jsc.0000000000000744
 Hunter, J. P., Marshall, R. N., and McNair, P. J. (2004). Interaction of step length and step rate during sprint running. Med. Sci. Sports Exerc 36 (2), 261–271. doi:10.1249/01.Mss.0000113664.15777.53
 Kilduff, L. P., Cunningham, D. J., Owen, N. J., West, D. J., Bracken, R. M., and Cook, C. J. (2011). Effect of postactivation potentiation on swimming starts in international sprint swimmers. J. Strength Cond. Res. 25 (9), 2418–2423. doi:10.1519/JSC.0b013e318201bf7a
 Kolmogorov, S., Rumyantseva, O. A., Gordon, B. J., and Cappaert, J. M. (1997). Hydrodynamic characteristics of competitive swimmers of different genders and performance levels. J. Appl. Biomech. 13, 88–97. doi:10.1123/jab.13.1.88
 McGowan, C. J., Thompson, K. G., Pyne, D. B., Raglin, J. S., and Rattray, B. (2016). Heated jackets and dryland-based activation exercises used as additional warm-ups during transition enhance sprint swimming performance. J. Sci. Med. Sport 19 (4), 354–358. doi:10.1016/j.jsams.2015.04.012
 Mooney, R., Corley, G., Godfrey, A., Quinlan, L. R., and Ólaighin, G. (2015). Inertial sensor technology for elite swimming performance analysis: a systematic review. Sensors (Basel) 16 (1), 18. doi:10.3390/s16010018
 Nealer, A. L., Dunnick, D. D., Malyszek, K. K., Wong, M. A., Costa, P. B., Coburn, J. W., et al. (2017). Influence of rest intervals after assisted sprinting on bodyweight sprint times in female collegiate soccer players. J. Strength Cond. Res. 31 (1), 88–94. doi:10.1519/jsc.0000000000001677
 Neiva, H. P., Marques, M. C., Barbosa, T. M., Izquierdo, M., and Marinho, D. A. (2014). Warm-up and performance in competitive swimming. Sports Med. 44 (3), 319–330. doi:10.1007/s40279-013-0117-y
 Ng, F., Wen Yam, J., Lum, D., and Barbosa, T. M. (2020). Human thrust in aquatic environment: the effect of post-activation potentiation on flutter kick. J. Adv. Res. 21, 65–70. doi:10.1016/j.jare.2019.10.001
 Reyes, G. F., and Dolny, D. (2009). Acute effects of various weighted bat warm-up protocols on bat velocity. J. Strength Cond. Res. 23 (7), 2114–2118. doi:10.1519/JSC.0b013e3181b3dd32
 Riebe, D., Franklin, B. A., Thompson, P. D., Garber, C. E., Whitfield, G. P., Magal, M., et al. (2015). Updating ACSM's recommendations for exercise preparticipation Health screening. Med. Sci. Sports Exerc 47 (11), 2473–2479. doi:10.1249/MSS.0000000000000664
 Sarramian, V. G., Turner, A. N., and Greenhalgh, A. K. (2015). Effect of postactivation potentiation on fifty-meter freestyle in national swimmers. J. Strength Cond. Res. 29 (4), 1003–1009. doi:10.1519/jsc.0000000000000708
 Seitz, L. B., Mina, M. A., and Haff, G. G. (2017). A sled push stimulus potentiates subsequent 20-m sprint performance. J. Sci. Med. Sport 20 (8), 781–785. doi:10.1016/j.jsams.2016.12.074
 Sharma, S. K., Raza, S., Moiz, J. A., Verma, S., Naqvi, I. H., Anwer, S., et al. (2018). Postactivation potentiation following acute bouts of plyometric versus heavy-resistance exercise in collegiate soccer players. Biomed. Res. Int. 2018, 1–8. doi:10.1155/2018/3719039
 Sheppard, J. M., Dingley, A. A., Janssen, I., Spratford, W., Chapman, D. W., and Newton, R. U. (2011). The effect of assisted jumping on vertical jump height in high-performance volleyball players. J. Sci. Med. Sport 14 (1), 85–89. doi:10.1016/j.jsams.2010.07.006
 Simbaña-Escobar, D., Hellard, P., and Seifert, L. (2020). Influence of stroke rate on coordination and sprint performance in elite male and female swimmers. Scand. J. Med. Sci. Sports 30 (11), 2078–2091. doi:10.1111/sms.13786
 Stewart, A. M., and Hopkins, W. G. (2000). Consistency of swimming performance within and between competitions. Med. Sci. Sports Exerc 32 (5), 997–1001. doi:10.1097/00005768-200005000-00018
 Stien, N., Strate, M., Andersen, V., and Saeterbakken, A. H. (2020). Effects of overspeed or overload plyometric training on jump height and lifting velocity. Sports Med. Int. Open 4 (2), E32–e38. doi:10.1055/a-1116-0749
 Strzala, M., Krezalek, P., Glab, G., Kaca, M., Ostrowski, A., Stanula, A., et al. (2013). Intra-cyclic phases of arm-leg movement and index of coordination in relation to sprint breaststroke swimming in young swimmers. J. Sports Sci. Med. 12 (4), 690–697.
 Strzała, M., Krężałek, P., Kaca, M., Głąb, G., Ostrowski, A., Stanula, A., et al. (2012). Swimming speed of the breaststroke kick. J. Hum. Kinet. 35, 133–139. doi:10.2478/v10078-012-0087-4
 Takagi, H., Nakashima, M., Sengoku, Y., Tsunokawa, T., Koga, D., Narita, K., et al. (2023). How do swimmers control their front crawl swimming velocity? Current knowledge and gaps from hydrodynamic perspectives. Sports Biomech. 22 (12), 1552–1571. doi:10.1080/14763141.2021.1959946
 Tillin, N. A., and Bishop, D. (2009). Factors modulating post-activation potentiation and its effect on performance of subsequent explosive activities. Sports Med. 39 (2), 147–166. doi:10.2165/00007256-200939020-00004
 Thompson, P. D., Arena, R., Riebe, D., and Pescatello, L. S. (2013). ACSM’s new preparticipation health screening recommendations from ACSM's guidelines for exercise testing and prescription, ninth edition. Curr. Sports Med. Rep. 12 (4), 215–217. doi:10.1249/JSR.0b013e31829a68cf
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Lee, Chao, Hsu, Chang, Chen and Tsai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-12-1505648-t003.jpg
Warm-ups Breaststroke Individual medley Two-way ANOVA with mixed design (p-value)

(n=9) (hn=9) Intervention Group Interaction
Mean + SD Mean + SD Post hoc
15-25 m Stroke length (m) 0.149 0.075 0175
‘ 1,400 m 164+ 022 162 £ 0.9
‘ ‘Tubing assisted 159 +024 161 £ 019
Paddle 1.60 + 0.18 1.78+0.33
Squat 139+ 018 166024
*Stroke frequency (Hz) 0075 0.146 0,056
1,400 m 0822 0.11 081 £ 0.09
| ‘Tubing assisted 0.80 0,12 087 016
| Paddle 0.82 % 0.09 073013
Squat 095 0.12 081 +0.12
25-50 m Stroke length (m) <0001 0015 0.048*
1,400 m 161+ 005 173 %019 1400 m > TA, p = 0014 IM>BR | BR:SQ > 1400 m, p = 0.008"
Tubing assisted 147 £0.14 168 £ 0.17 PD > TA, p < 0,001 BR: SQ > TA, p = 0001
Paddle 167 +0.10 178 £ 0.1 SQ > TA, p = 0002 BR: PD > TA, p = 0.001**
Squat 174013 174+ 009 BR: 1400 m > TA, p = 0012
TA: IM > BR, p = 0010
Stroke frequency (Hz) 0001 0.055 0.005*
1,400 m 0.78  0.05 074 % 0.10 TA>1400 m, p = 0,010 BR: TA>1400 m, p = 0,005
Tubing assisted 0.88 = 0.07 075 £ 0.11 TA > PD, p = 0009 BR: TA > PD, p = 0.014
Paddle 0.78 = 0.06 073073 TA > $Q, p = 0.004* BR: TA > $Q, p = 0001
Squat 0.72 % 0.06 074 % 005 BR: 1400 m > SQ, p = 0.004**

BR: PD > SQ, p = 0.015
TA: BR > IM, p = 0.005**
1550 m Stroke length (m) | 0.009% 0.005* 0586
‘ 1,400 m 1.62 £ 0.09 1.69 +0.16 1400 m > TA, p = 0.035 IM > BR
Tubing assisted 1.50 £ 0.15 166 £ 0.15 PD > TA, p = 0.005*
Paddle 1.63 £ 0.10 | 177 £0.12 SQ > TA, p = 0.025
Squat 1.62 £ 0.09 171 £ 008
Stroke frequency (Hz) 0.016* 0027+ 0294
‘ 1,400 m 0.79 £ 0.05 076 £ 0.09 TA>1400 m, p = 0037 BR > IM
‘ Tubing assisted 0.86 £ 0.06 078 £0.10 TA > PD, p = 0014
Paddle 079 £ 0.05 073 £ 007 TA >8Q, p = 0.024
Squat 0.78 £ 0.05 076 £ 005

BR, Breaststroke; IM, Individual medley; TA, Tubing-assisted; PD, Paddle; SQ, Squat.
*» < 0,05, **p < 0.0083 (Bonferroni adjustment for post hoc comparison).





OPS/images/fbioe-12-1505648-t004.jpg
Warm-ups Breaststroke Individual medley Two-way ANOVA with mixed design
(p-value)

(n=29) Intervention Group Interaction

Mean + SD Post hoc

Reach 15 m Max. forward acceleration of the hand (m/s’)

1400m | 47.98 %1523 3403 £ 6.14
Tubing assisted | 48.88 + 15.90 3088 + 8.37"
Paddle = 45.18 + 1526 3395 £371
Squat | 4578 + 1176 3484 £759

Max. backward acceleration of the hand (m/s?) 0732 0.501 0935
1400m | 2584521 27.20 £ 253
Tubing assisted | 26.94 £ 9.09 2941 £ 588
Paddle 2679 % 426 27.36 £ 3.68
Squat | 2649 £ 5.68 27.71 £ 259

Max. forward acceleration of the sacrum (m/s?) 0319 0.255 0.055
1,400 m 1839 + 447 2206 + 258

Tubing assisted 19.62 + 3.88 2046 £ 3.07 ‘

Paddle 2028 %370 1930 £ 343
Squat 19.78 + 424 23.06 £ 258

Max. backward acceleration of the foot (m/s?) 0.115 0.057 0.109
1400m | 6251+ 7.80 60.68 + 11.39
Tubing assisted | 60.64 + 9.04 5401 £ 5.10
Paddle = 6434 %612 5230 +3.28
Squat | 6398 £ 9.06 58.16 £ 9.02

Reach 25 m Max. forward acceleration of the hand (m/s?)

1,400 m 47.68 £ 17.27 3472 £373
Tubing assisted 46.28 + 18.67 3438 + 6.56
Paddle 47.68 + 17.27 3472 £373
Squat 44.13 £ 1219 35.21 + 3.66
. | I ‘
Max. backward acceleration of the hand (m/s?) ‘
1,400 m 25.17 + 4.55 28.89 + 3.70 0.287 0.112 0.559
Tubing assisted 26.00 + 8.63 30.17 + 4.64
Paddle 26.51 + 2.28 28.89 + 3.70
Squat 26.29 + 518 2971 + 428
Max. forward acceleration of the sacrum (m/s?)
1,400 m 1952 £ 595 2434 + 345 0.395 0.309 0.038*
Tubing assisted 2244 + 677 2133373 IM: SQ > TA, p = 0.048
Paddle 20.67 + 4.71 2030 + 3.12
Squat 20.33 + 537 2509 + 4.82
Max. backward acceleration of the foot (m/s?)
1,400 m 61.53 + 6.57 57.75 + 1694 0.369 0.194 0.032*
Tubing assisted 63.75 + 10.84 60.18 + 10.74 PD: BR > IM, p = 0.009
Paddle 65.51 + 513 5332 + 1147
Squat 64.38 + 7.98 60.08 + 11.22

Reach 50 m Max. forward acceleration of the hand (m/s’)

1,400 m 44.23 £ 15.66 29.14 + 4.67°
Tubing assisted | 41.21 % 16,04 27.64 £ 7.89
Paddle 4078 + 17.15 3131£328
Squat | 4297 £ 1232 29.13 £ 436"
Max. backward acceleration of the hand (m/s?)
1400 m | 2431%502 2599 £ 430 0.687 0730 0413
Tubing assisted | 24.44 + 645 2619 £ 250
Paddle | 24.03 % 662 2406 £ 530
Squat | 2454 %553 2427 £ 463
Max. forward acceleration of the sacrum (m/s?)
1400m | 17.24 % 463 2130 £ 341 0892 0.409 0093
Tubing assisted | 18.56 + 474 1863 + 234
Paddle 1891 %413 1871 = 108
Squat | 18.04 + 489 2014 338
Max. backward acceleration of the foot (m/s”)
1400m | 6165 % 544 60.95 £ 6.57 0390 055 0331
Tubing assisted | 5618 + 9.19 5650 £ 10.12 ‘
Paddle  60.99 % 6.62 5671 511
Squat | 6213828 5938 £ 547

BR, Breaststroke; IM, Individual medley; TA, Tubing assisted; PD, Paddle; SQ, squat.
“p < 0.05, **p < 00083 (Bonferroni adjustment for post hoc comparison).

The data of the Max. forward acceleration of the hand did not exhibit a normal distribution. Non-parametric analysis was employed.
Sidcaoes scniicut dabbrnces listwens Dessstztooke sl inalley soacilists o docitiion by the bis Whitis 1 k.






OPS/images/fbioe-12-1505648-t001.jpg
Breaststroke
(n=9)

mean + SD

Individual medley

Independent

t-test

p-value

Age (years)
Body height (cm)
Body mass (kg)

‘Training experience (years)

21228

1732 £ 65

65.8%57

113 %50

196 £3.6

1758 + 108

697 £ 122

11542

0311

0534

0.426

0929






OPS/images/fbioe-12-1505648-t002.jpg
Warm-ups Breaststroke Individual Two-way ANOVA with mixed design (p-value)

medley
n=9) (n=9) Intervention Group Interaction
Mean + SD Mean + SD Post hoc
Time to 15 m (sec) | 0051 0.082 0748
1400 m 801 058 752 £ 0.64
Tubing assisted 789 £0.77 731 %045
Paddle 793 £ 0.69 745 + 044
Squat 7.68 £0.72 727 £035
15-25 m segment (sec) | 0587 0577 0.060
1400 m 762 £ 045 770 £ 0.62
‘Tubing assisted 799 £ 051 7.30 £ 0.67
Paddle | 7.76 £0.74 7.94 070
Squat 7.6% 049 765 £ 072
Time to 25 m (sec) 0.858 0.109 0.049%
1400 m 1564 £ 090 1522 £ 074
Tubing assisted 1587 + 102 1461 + 078 TA: IM > BR, p = 0011
Paddle 1569 = 111 1538 £ 085
Squat | 1558 £ 095 1503 £ 078
25-50 m segment (sec) | 0221 | 0997 0.037%
1400 m 2003 £ 112 1979 £ 097 BR: 1400 m > TA, p = 0,037
‘Tubing assisted 19442 0.96 2017 £ 118 BR: AQ > PD, p = 0.029
Paddle 1936 + 127 1953 + 136
Squat 2010 £ 132 1949 £ 083
Time to 50 m (sec) 0.186 0451 0.038*
1400 m 3567 183 3501 + L41 BR: 1400 m > TA, p = 0.006**
‘Tubing assisted 3531 £ 166 3479 £ 138 BR: 1400 m > PD, p = 0.023
Paddle 3505 £ 211 3492 £ 146 BR: SQ > PD, p = 0.035
Squat 3567 217 3452+ 145 IM: PD > SQ, p = 0043

BR, Breaststroke; IM, Individual medley; TA, Tubing-assisted; PD, Paddle; SQ, Squat.
*n < 0.05, **p < 0.0083 (Bonferroni adjustment for post hoc comparison).






OPS/xhtml/nav.xhtml
Contents

		Cover

		Effects of different warm-up methods on 50-meter breaststroke swimming performance		Purpose

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Participants

		2.2 Study design

		2.3 Procedures

		2.4 1 RM strength test

		2.5 Warm-up interventions

		2.6 Swimming test

		2.7 Data processing

		2.8 Statistical analysis





		3 Results

		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Bioengineering and Biotechnology

Effects of different warm-up
methods on 50-meter
breaststroke swimming
performance





OPS/images/fbioe-12-1505648-g001.gif





OPS/images/fbioe-12-1505648-g002.gif
i e O









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





