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The aim of this study was to compare the biomechanical load, measured by the vertical 
ground reaction force (GRF), plantar pressure, and contact area of two jumping head-out 
aquatic exercises (cross country ski and jumping jacks) performed at 1.30 m water depth. 
Ten healthy male volunteers, with mean (SD) age 26.5 (4.2) yr, height 175.8 (2.6) cm, 
weight 73.7 (8.5) kg, body mass index 22.3 (2.5) kg.m-2 participated in this study. Data 
from both GRF and plantar pressures were obtained by using an insole system. Paired-
samples t-tests were conducted to compare each variable between conditions. Significant 
differences between exercises were found in all variables (peak force, t(9)=2.52, p = 
0.033; peak pressure, t(9)=2.41, p = 0.040 and contact area, t(9)=-2.60, p = 0.029). 
Jumping exercises can be a suitable option when prescribing water-based exercises. 
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INTRODUCTION: Head-out aquatic exercises are used for several purposes being 
recommended for individuals suffering from musculoskeletal diseases, especially when 
having restrictions in performing weight-bearing exercise on land, for elderly people with 
sarcopenia and related muscle weakness which is associated to less shock absorbing ability, 
for athletes recovering after lesions and for overweight and obese people reducing the stress 
placed on the joints. Aquatic exercise prescription should take into account an appropriate 
exercise selection, controlling not only the physiological intensity but also the mechanical 
loading of head-out aquatic exercises. This might be done through biomechanical loading 
assessment, generally quantifying the ground reaction forces (GRF) allowing, therefore, a 
more precise exercise selection and making possible to adapt load according to each person 
condition. Biomechanical assessment of walking in water at slow and fast speeds and with 
different body immersion level and of head-out aquatic exercises is limited, only few studies 
have been done in which biomechanical parameters were measured (Harrison et al., 1992; 
Nakazawa et al., 1994; Barela et al., 2006, 2008; Roesler et al., 2006; Triplett et al., 2009). 
Previous studies shown that GRF is influenced by several different factors, namely subject 
body mass, loading rate, speed/cadence of movement, type of movement or jump (walking 
and running on the same place or progressing) and foot contact area,(Nigg, 1983; Bobbert et 
al., 1991; Hills et al., 2001; Rocha et al. 2006). The vertical maximal GRF is most widely 
used than the anteroposterior and mediolateral components for characterizing aquatic 
exercises biomechanical loading. Moreover, since forces and pressures are applied to 
specific locations on the foot surface, assessment of plantar pressure and contact area can 
give additional information allowing, therefore, a more accurate characterization of the 
aquatic exercises. Previous studies used force platforms to measure GRF, but nowadays 
portable systems with insoles are available, having the advantage to obtain data in a more 
ecological context. Therefore, the purpose of this study was to compare peak force (vertical 
GRF), peak pressure and the contact area of two jumping head-out aquatic exercises: cross-
country ski and jumping jacks. 

 
METHODS: Ten healthy male volunteers with a mean (SD): age 26.5 (4.2) yr, height 175.8 
(2.6) cm, weight 73.7 (8.5) kg and body mass index 22.30 (2.53) kg/m2, participated in this 
study after a previous selection according to the following eligibility criteria: male subjects 
without lower limb pathologies; height range 172-179 cm and a foot dimension matching 

DISCUSSION: The results of this study indicate that it is possible to accurately measure a 
runner’s vertical displacement with a small, light and off-the-shelf sensor. This in turns means 
that it is possible to use the system outside the lab in an everyday training setting. As all 
computations are performed on the phone, the runner can be given real-time feedback about 
his or her performance in terms of mechanical efficiency. Feedback is essential in motor 
learning, and normally the feedback is based on the result. However, feedback based on 
how the result was achieved can be more powerful under certain conditions (Schmidt & Lee, 
2005). Also, it has been shown that it is possible to accurately alter a runner’s vertical dis-
placement with auditive feedback (Eriksson et al., 2011). Thus, this could lead to new, non-
obtrusive equipment to improve running mechanics.  
There seems to be a systematic error for each athlete but not across athletes, this should be 
examined in a larger population. Furthermore, accelerations in the forward-backward direc-
tion can also be measured by the described hardware – and the effect on RE may be ana-
lysed. Additional data collection is encouraged to investigate these issues.  
 
CONCLUSION: This study presents a cost-effective, wireless feedback system that allows 
runners to experiment with different running mechanics outside the lab. The wireless meas-
urement method used in this study can also be used to manipulate the running technique of 
test persons in order to evaluate the effect of a change in the technique. 
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Table 1 
Mean ± SD values of peak force, peak pressure, and contact area of the two aquatic exercises. 

 Peak Force 
(BW) 

Peak 
Pressure 
(N/cm2) 

Contact area 
(cm2) 

Cross Country Ski 2.08±0.34  34.93±9.56 188.39±20.28 
Crossed right foot front 2.08±0.35 33.54±8.32 194.16±25.25 

Crossed left foot front 2.08±0.39 36.31±11.28 182.62±19.48 
Front Feet 1.18±0.35 17.03±4.83 100.40±17.02 
Back Feet 0.90±0.16 17.89±7.63 87.99±12.84 

Jumping Jacks  1.89±0.39 29.64±5.21 207.06±22.41 
Feet separate    1.71±0.30 ** 32.41±8.59   197.43±23.21 * 
Feet together    2.06±0.49 ** 26.88±3.62   216.67±24.66 * 

* p<0.01; ** p<0.001.  

 

         
 

Figure 2: Comparison between cross country ski and jumping jacks exercises. * Significant 
difference (p<0.05) from cross country ski. 
 
DISCUSSION: Cross country ski (CCS) and jumping jacks (JJ), are both aquatic exercises 
with double support in which the exchange of support is done by jumping in two different 
directions: anteroposterior in CCS and lateral in JJ. In the CCS exercise the double crossed 
supports were identical (peak force) showing a balanced distribution of the weight, but not 
when considering the total load on the front and back support. Although the differences 
observed between front feet and back feet were not significant, higher load in front feet 
corresponded to a larger contact area. This finding can be explained once the trunk is usually 
slightly tilted forwards, leading consequently to higher load on front support. Besides, it’s 
typical that in the front support, the whole foot tends to contact the ground, while the back 
foot does not completely support. In JJ exercise, peak force were higher when the feet were 
together, than when they were separate, but in peak pressure the opposite was observed, 
almost certainly due to the larger contact area in this position which were significantly 
different. One possible reason for the significant differences observed in peak force might be 
related with the technical characteristics of the exercise, specifically to the flexed knees, that 
may have an absorbing role when feet are apart, in relation with knee in extension in joined 
feet. Although both CCS and JJ exercises were classified in terms of exercise intensity 
(metabolic requirement) as light and moderate (Raffaelli et al., 2010), this study showed that 
they are different from a biomechanical point view. Higher biomechanical load of CCS 
compared with JJ is probably related to a larger distance of support requiring a greater 
muscle effort, both during landing and propulsive phases. In this study, peak force ranged 
from 0.90 to 2.08 BW, that are higher than the values obtained in previous studies for 
walking in similar immersion level performed in several variants (Nakazawa et al., 1994, 
Roesler et al., 2006), but less than one-leg or two-leg squat jumps in water (Tripplet et al., 
2009; Colado et al., 2010). Knowledge of mechanical load imposed to skeleton and joints is 
an important requirement in exercise prescription, especially for therapeutic and rehabilitation 

insole size number 42. The exclusion criteria were having recent lesion or lower limb 
musculoskeletal disorders that might affect both the GRF and plantar pressures data.
Waders were used to isolate the insole system (PEDAR-m®, novel, Münich, Germany)
(Figure 1).

Figure 1: View of a participant inside the pool. 

All the participants had a familiarization period, to become adapted to the head-out aquatic 
exercises prior to data collection. The subjects performed one trial of twenty repetitions for 
each exercise in the same place, at an imposed cadence of 130 beats per minute (bpm), 
established with a digital metronome. The sampling rate for data collection was set at a 
measurement frequency of 50 Hz. Body weight inside water was used for further GRF 
normalization by the participants’ own body weight (apparent body weight). The studied 
variables were estimated per foot by calculating the mean over the readings of 5 steps: 
vertical component of ground reaction force (GRF-V) expressed in absolute value [peak force 
adjusted to body weight [GRF/BW (N/kg)]; plantar pressure [peak pressure (N/cm2)] and 
contact area (cm2). For better characterization of each exercise, besides total values, partial 
ones were estimated as following. Concerning cross country ski exercise, a sum of both 
crossed feet (front right foot + back left foot; front left foot + back right foot) were done and 
the mean of both was estimated; additionally in order to calculate the load applied to the front 
and back foots, we sum values of both feet and after the respective mean was calculated. In 
the jumping jacks exercise firstly the sum of both feet together and apart was done 
respectively, and afterwards the mean of the total exercise was calculated. Paired-samples t-
tests were conducted to compare peak force, peak pressure and contact area variables 
within each exercise and between cross country ski and jumping jacks exercises. The
normality assumptions were verified using the Shapiro-Wilk test. The statistical analysis was 
conducted considering a 5% significance level. All data were analyzed using the IBM SPSS 
Statistics, Version 19.0 (SPSS Inc., an IBM Company, Chicago, IL).  

RESULTS: Table 1 presents the mean values ± SD of all the variables of both exercises. In 
cross country ski exercise no significant differences were found between front and back foot 
neither for peak force (front: 1.18±0.35; back: 0.90±0.16; t(9)=2.117, p = 0.063), peak 
pressure (front: 17.03±4.83; back: 17.89±7.63; t(9)=-0.32, p = 0.756) nor for contact area 
(front: 100.40±17.02; back: 87.99±12.84; t(9)=1.76, p = 0.112). Regarding the jumping jacks 
exercise, significant differences were observed in peak force between feet separate 
(1.71±0.30) and feet together (2.06±0.49); t(9)=-5.61, p < 0.001, as well as, for contact area 
(feet separate: 197.43±23.2; feet together: 216.68±24.66); t(9)=-3.61, p = 0.006, but not for 
peak pressure (t(9)=2.17, p = 0.058).  
Comparison between the cross country ski (CCS) and jumping jacks (JJ) exercises revealed 
significant differences in peak force (CCS: 2.08±0.34; JJ: 1.89±0.39; t(9)=2.52, p = 0.033),
peak pressure (CCS: 34.93±9.56; JJ: 29.64±5.21; t(9)=2.41, p = 0.040) and contact area 
(CCS: 188.39±20.28; JJ: 207.06±22.41; t(9)=-2.60, p = 0.029) (Table 1 and Figure 2). 
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Figure 2: Comparison between cross country ski and jumping jacks exercises. * Significant 
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This study compared the force reproduction of isometric knee extension at 60°, between 
the target forces at 30%, 50% and 70% of the maximum voluntary isometric force (MVIF) 
in young adults. Twenty young males took part in the study. The trials were performed on 
an instrumented chair developed for the study. Feedback was given to the participants 
during three trials prior the beginning of data collection in each analyzed target force. 
Participants performed 10 trials without any feedback for the target force at 30% and 50% 
of the MVIF and 3 trials for the target force at 70% of MVIF. The relative error decreased 
as the target force increased. The differences were significant between 30% and 70% 
(p=0.01) and between 50% and 70% (p=0.03). The reproduction of higher forces during 
isometric extension of the knee will produce lower relative errors for this specific task. 
 
KEYWORDS: proprioception, force sense, muscle force. 
 

INTRODUCTION: Proprioception is related to any afferent information coming from 
peripheral areas of the body that contribute to postural control, joint stability and conscious 
sensation (Gandevia, 1996; Riemann & Lephart, 2002a). This information is processed in the 
Central Nervous System (CNS) and transformed into movements that can correct positions 
and prevent injuries (Jong et al. 2005; Payne, Berg, & Latin, 1997; Riemann & Lephart, 
2002b).  
Proprioception is usually analyzed by tests such as sense of joint position and perception of 
movement velocity (Deshpande et al., 2003; Ribeiro & Oliveira, 2008), however little attention 
has been given to force sense. When considering function, force sense can be as important 
as position sense, because many sports and daily living activities involve force sense as well 
as accurate joint positioning.  
The force sense can be analyzed through the reproduction of a target force, which is 
generally determined considering a percentage of the maximum voluntary contraction; the 
force sense is then evaluated based on the relative error between the target and the force 
generated by the individual (Dover & Power, 2003; Proske et al., 2004). 
The individual’s capacity of reproducing a target force is related to the motor control during 
the performance of a specific task. In addition, the identification of the percentage in which 
the individual presents the highest relative error could provide useful information to better 
support an intervention to prevent injuries during the sportive or daily activities. 
Therefore, the present study aimed to compare the force reproduction of isometric knee 
extension at 60° between target forces of 30%, 50% and 70% of the maximum voluntary 
isometric force (MVIF) in young adults. 
 
METHODS: Twenty young males with a mean height of 1.79 ± 0.07 m, body mass of 76.8 ± 
8.4 kg and age of 23.2 ± 3.0 years took part in the study. The inclusion criteria were age 
between 18 and 30 years and absence of muscle or ligament injury in lower limbs during the 
six months prior to data collection. Written consent was gained from participants through a 
consent form previously approved by the Ethical Committee for Research on Humans of the 
Institution. 
Analyzed variable: Relative error, which is the difference between the requested force 
(target force) and the mean force actually achieved by the participant. We used 5 s of force 
generation to calculate the achieved force, and the calculation started only after the force 

purposes. The absence of studies characterizing biomechanical load of these aquatic 
exercises limited the discussion. 
 
CONCLUSION: Aquatic exercises are used as a strategy to avoid or reduce, continuous 
stress placed on weight-bearing joints during exercise, due to the effect of body partial 
immersion, which decrease body weight. Water buoyancy diminishes joint loading of lower 
extremities and spine reducing the effects of gravity. Despite of the fact that body weight is 
reduced inside the water, these jumping exercises provide a reasonable mechanical loading 
which is fundamental for maintain healthy joints and bone metabolism, but on the contrary, in 
people with musculoskeletal diseases with articular involvement, the effectiveness of these 
exercise need to be proved. Generalization of these results should be done carefully due to 
the sample size (N=10).  
 
REFERENCES: 
Barela, A., Stolf, S. & Duarte, M. (2006). Biomechanical characteristics of adults walking in shallow 
water and on land. Journal of Electromyography and Kinesiology, 16, 250-256.  
Barela, A. & Duarte, M. (2008). Biomechanical characteristics of elderly individuals walking on land 
and in water. Journal of Electromyography and Kinesiology, 18, 446-454. 
Bobbert, M.M., Schamhardt, H.C. & Nigg, BM. (1991). Calculation of vertical ground reaction force 
estimates during running from positional data. Journal of Biomechanics, 24, 1095-1105 
Colado, J., Garcia-Masso, X., González, L.-M., Triplett, N.T., Mayo, C. & Merce, J. (2010). Two-leg 
squat jumps in water: an effective alternative to dry land jumps. International Journal of Sports 
Medicine, 31, 118-122. 
Harrison, R., Hillman, M. & Bulstrode, S. (1992). Loading of the lower limb when walking partially 
immersed. Physiotherapy, 78, 164-166. 
Hills, A.P., Henning, E.M., McDonald, M. & Bar-Or, O. (2001). Plantar pressure differences between 
obese and non-obese adults: a biomechanical analysis. International Journal of Obesity, 25, 1674-
1679. 
Nakazawa, K., Yano, H. & Miyashita M. (1994). Ground Reaction Forces during walking in water. In 
Medicine and Science in Aquatic Sports. M. Miyashita, Y. Mutoh, & A. Richarsdson, eds. Basel: 
Karger, pp 28-34. 
Nigg, B,M. (1983). External force measurements with sport shoes and playing surfaces. In: Nigg BM, 
Kerr BA, eds. International Symposium on Biomechanical Aspects of Sport Shoes and Playing 
Surfaces. Univ. of Calgary Press, Calgary, pp 11-23. 
Raffaelli, C., Lanza, M., Zanolla, L. & Zamparo, P. (2010). Exercise intensity of head-out water-based 
activities (water fitness). European Journal of Applied Physiology, 109, 829-838. 
Rocha, R., Oliveira, C. & Veloso, A. (2006). Osteogenic index of step exercise depending on 
coreographic movements, session duration, and stepping rate. British Journal of Sports Medicine, 40, 
860-866. 
Roesler, H., Haupenthal, A., Schutz, R. & Souza, P. (2006). Dynamometric analysis of the maximum 
force applied in aquatic human gait at 1.3 m of immersion. Gait & Posture, 24, 412-417. 
Triplett, N.T., Colado, J.C., Benavent, J., Alakhdar, Y., Madera, J., González, L.M. & Tella, V. (2009). 
Concentric and impact forces of single-leg jumps in an aquatic environment vs. on land. Medicine & 
Science in Sports and Exercise, 41, 1790-1796. 
Yano, H., Nakazawa, K., & Yamamoto, S. (1995). Activation patterns of human ankle muscles during 
walking in water. Book of Abstracts XVth Congress ISB, pp 1018-19. 
 
 




