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Rowing is a non-weight-bearing aerobic full body exercise, which is often recommended 
for weight loss programs. Previous studies demonstrated that Body Mass Index (BMI) is 
correlated with changes in the kinematics of humans. We extend this area of research to 
compare the effect of both BMI and skill-level on the kinematics of the lower extremities 
during rowing. Findings highlight differences such as knee flexion, knee internal rotation, 
hip extension, hip external rotation between normal weight and obese individuals. These 
findings suggest that injury risks are correlated to body type and previous skill level. This 
research indicates the need for adjustable setups for the rowing ergometer. This 
recommendation would not only increase comfort for all types of athletes, but reduce risks 
of injury and create the necessary conditions to accomplish a proper technique. 
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INTRODUCTION: Rowing combines the benefits of endurance exercise with resistance 
training, providing positive effects on both health and disease prevention. In previous work, it 
has been shown that actively participating in rowing reduces the risks of falls, limb disability 
and coronary artery diseases (Yoshiga & Higuchi, 2002). In addition, it has been shown that 
rowing can lower the risk of developing type 2 diabetes and hypertension, increase long 
chain fatty acid oxidation, metabolic rate, glycogenic control, lipoprotein profile, and fat-free 
mass (Sanada et al., 2009). Furthermore, rowing, as a non-weight bearing sport, results in 
lower loading on the joints compared with weight bearing activities (e.g. running, jumping) 
and may therefore decrease joint forces. Previous research in walking has shown that body 
shape affects kinematics and results in increasing joint forces (Browning et al., 2007; Lai et 
al., 2008). The aim of this study, therefore, is to analyze and compare rowing kinematics of 
normal weight, overweight, and obese individuals without previous rowing experience as well 
as normal weight individuals with previous rowing experience. 
 
METHODS: The World Health Organization (WHO) Body Mass Index classifications were 
adopted to categorize body types in this work. Ten (five women & five men) each group 
normal weight, overweight and obese volunteers, with little or no previous rowing experience 
as well nine normal weight (five women, four men) volunteers with previous rowing 
experience (group normal weight skilled) were recruited. Detailed characteristics of the 
subjects are shown in Table 1. Exclusion criteria for participants included any past/current 
neurological or cardiovascular illness, or any pain that might affect their rowing motion. Prior 
to the investigation, all subjects gave informed consent according to the human subject 
ethics approval of the Institutional Review Board. 
Body mass, height, and body composition were measured on each volunteer by a segmental 
body composition analyzer (Tanita, BC-418 Pro, Arlington Heights, USA), as well as 
segmental measurements of the whole body. A motion analysis system (Vicon, MX+, Oxford, 
United Kingdom) was used to collect the subject`s rowing kinematics. For the data 
acquisition process, subjects were asked to wear tight fitting non-reflective clothes. A custom 
designed marker set - of thirty four spherical reflective markers - was attached with double-
faced adhesive tape (see Figure 1). In addition, the rowing ergometer (Concept2, Model E, 
Morrisville, USA) was equipped with 13 markers (front and back of the ergometer, left and 
right handle, seat, upper footrest, lower footrest, footrest heel and middle seat). After 
habituation with the rowing technique, subjects performed a short warm-up to practice the 

To the authors’ knowledge, this is the first study to examine the reliability of RMSE tibial axial 
accelerations during jump landings using this accelerometer. Specifically, the mean 
differences between the two measurement methods were consistent across the three trials. 
The second acceleration peak of both instruments ranged from 5.5-48.5 g which are typical 
accelerations for jump heights ranging from 13.0-38.0 cm (Moran & Marshall, 2006; Elvin et 
al., 2007; Zhang et al., 2008). Jump height and tibial axial accelerations have been shown to 
be weakly correlated (Elvin et al., 2007). This is likely due to the variability in landing 
technique (Self & Paine, 2001). Therefore, a composite error (ie. RMSE) should be used to 
control for movement variability, when assessing instrumentation reliability during landing 
movements. High reliability was demonstrated with a uniaxial accelerometer with tibial impact 
accelerations varying from 9.8-20.7g, but attachment of the accelerometer was via strapping 
(Self & Paine, 2001). The taping method presently used to attach the accelerometer to the 
tibia seemed to be effective over the course of three jump landing impacts. Future research 
is needed to examine the inter-session reliability of this specific accelerometer and the 
reliability and validity of accelerations at other body segments of interest.  
 
CONCLUSION: No differences were found between video analysis and accelerometry 
assessed peak accelerations. However, the times at peaks were different between the two 
methods. The accelerometer used in this study and attachment method yielded repeatable 
peak accelerations during jump landings. Therefore, accelerometry would be an inexpensive, 
time efficient alternative to video analysis for the assessment of peak tibial impact 
accelerations if temporal characteristics are not of interest.   
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RESULTS: In our experiments, all data had a normal distribution (p > 0.05) and homogeneity 
in variance (p > 0.05), except for knee flexion (p < 0.05). Table 2 shows the statistical data 
obtained in detail.  Differences in body parameters were found for body weight, BMI and 
body fat regarding BMI-classification while no differences were found between the tested 
resistance levels. Significant differences in knee flexion, internal rotation, hip extension, 
external rotation, abduction and adduction were found between normal weight and obese 
subjects. Additionally, knee internal rotation and ROM, hip flexion, external rotation, 
abduction and adduction were significantly different in the normal weight skilled compared to 
the obese group. No differences were found in physical properties such as age, height, and 
segment length between the investigated groups. Finally, no differences were found between 
the groups in normal BMI range regarding physical properties and kinematics. 
 

Table 2 
Mean, standard deviation and p-values of factors with statistical difference between groups 

body properties 
  normal BMI groups vs. obese group p-value 

body weight  68.3 ± 8.7 103.2 ± 22.6 p = 0.001 
BMI  21.6 ± 1.4 35.4 ±   4.7 p = 0.001 

body fat -  leg  7.4  ± 3.8 13.0 ±   2.2 p = 0.001 

body fat – torso  7.2  ± 3.8 18.0 ±   4.3 p = 0.001 

Kinematics 
 rowing phase Group normal weight vs. group obese p-value 

knee flexion - catch -139.1 ± 4.8 -123.0 ± 14.4 p = 0.003 
hip extension - finish 57.1 ± 12.1 35.6 ± 9.8 p = 0.009 

  Group normal weight skilled vs. group obese  

knee ROM - full stroke 123.0 ± 3.8 109.0 ± 16.2 p = 0.047 
hip flexion - catch 112.7 ± 15.8 88.1 ± 14.2 p = 0.003 

  normal BMI groups vs. group obese  

hip abduction - catch -3.2 ± 1.2 -10.3 ± 8.1 p = 0.004 
hip adduction - finish 1.4 ± 1.4 -1.7 ± 1.8 p = 0.001 

knee internal rotation - catch -6.88 ± 10.8 -8.87 ± 7.9 p = 0.001 

external hip rotation - catch 2.74 ± 8.9 12.86 ± 7.8 p = 0.001 

 
DISCUSSION: Results revealed that BMI influences the kinematic variables of rowing. Only 
the obese group displayed statistical differences rowing kinematics compared to other 
groups. The different movement strategies in the catch and finish phase are likely produced 
by the greater fat mass in the lower extremities. Three possible reasons can account for the 
different movement strategies of the obese subjects:  

a) in order to compensate for the greater abdominal mass, obese subjects increase 
hip abduction and adduction angles, 
b) greater fat mass in the shank and thigh produce a restriction of knee flexion in the 
catch position, 
c) the different movements may provide greater comfort for obese subjects. 

A possible explanation for the greater hip extension could be that obese subjects are not 
able to decelerate the trunk energy in the same ROM compared to normal weight athletes at 
the finish position. The difference in hip abduction, rotation and knee rotation may lead to 
increased loads in the knee joint of obese individuals. Since knee osteoarthritis is a common 
affliction for obese individuals (Lai et al., 2008), rowing could have a negative impact to 
symptoms. However, arriving at a definite conclusion without kinetic data is not possible. 

 

technique at the desired stroke rate (23-25 strokes per minute). Subjects rowed at three 
different resistance levels (3, 5 and 7) for two minutes each and rested two minutes between 
the trials. The second minute of the rowing interval was captured by the Vicon system at a 
frequency of 200Hz. The Man-Model Dynamicus program (Alaska 6.01, Institute of 
Mechatronics, Chemnitz, Germany) was used to reconstruct the motion and calculate 
velocities and joint angles. Minimum and maximum hip, knee, ankle flexion/extension, range 
of motion (ROM) as well as hip ab/adduction and knee and hip internal/external rotation were 
investigated. To make sure that the data were not influenced by acceleration as well as 
deceleration phases, only the first half of the captured data of every trial were used. Data 
was averaged over the first 12 rowing strokes and across left/right body side for those 12 
strokes. The stroke rate was not normalized in this work, as the point of interest in this study 
is the range of motion.  
 

Table 1 
Subject information mean and standard deviation 

 

 
Figure 1:  Position of attached markers on the subjects (left: sagittal plane, right: frontal plane). 
 
Before the statistical analysis, all data was tested for homogeneity and normal distribution. 
To examine the effect of BMI on the joint ranges of motion, we performed a repeated 
measure ANOVA (pair-wise comparisons Bonferroni’s correction were performed to assess 
specific differences between the groups) if the data was both homogeneous and its 
distribution was normal, or by non-parametric tests (multiple comparisons by Mann-Whitney 
Test) if otherwise. The significance level for all statistical analysis was set at  = 0.05 except 
for the non-parametric test ( = 0.008). The  level for non-parametric tests was divided by 
the number of comparison to avoid the type I error.  
 

 Normal weight Over weight Obese Normal weight skilled 
Number of Subjects 10 (5 f, 5 m) 10 (5 f, 5 m) 10 (5 f, 5 m) 9 (5 f, 4 m) 

Age (year) 27.4 ± 7.21 24.1 ± 5.99 26.0 ± 3.13 23.9 ± 4.34 

Height (m) 1.74 ± 0.77 1.71 ± 0.88 1.70 ± 0.88 1.78 ± 0.94 

Weight (kg) 66.4 ± 9.22 78.4 ± 9.27 103.2 ± 22.64 70.1 ± 8.15 

BMI (kg/m²) 21.8 ± 1.59 26.6 ± 1.33 35.4 ± 4.69 21.3 ± 1.21 
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VERTICAL BREAST EXTENSION DURING TREADMILL RUNNING 
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The aim was to quantify vertical movement of the breast beyond the anatomical position 
(breast extension) in various support conditions and to investigate the relationship of 
breast extension to breast pain, breast mass, and breast kinematics during running.  The 
breast and trunk motion of 23 females of varying breast mass was recorded in a static no 
bra condition and during running in different support conditions.  Static breast position 
was subtracted from dynamic position to calculate extension.  In no bra, everyday and 
sports bra, the breast extended 21 mm, 9 mm, and 4 mm beyond the anatomical position.  
Breast extension displayed a strong relationship to breast pain and provides information 
on the mechanical loading of the breast beyond that of gravity.  Therefore it is suggested 
that this measure could be considered alongside other breast kinematic variables.   

 
KEYWORDS:  Pain, gait, bras. 

 
INTRODUCTION: During physical activity a number of negative consequences have been 
associated with a lack of appropriate breast support.  Firstly, exercise-related breast pain has 
been reported in up to 72% of exercising females (Gehlsen & Albohm, 1980).  Mason et al. 
(1999) hypothesised that this exercise-related breast pain arises from tension on both the 
skin and fascia of the breast during breast motion.  However, the aetiology of this type of 
breast pain has yet to be established.  Secondly, it is hypothesised that stretching of the 
supporting structures of the breast could occur with repeated loading during physical activity, 
leading to breast sag (Page & Steele, 1999).  These negative consequences may discourage 
females from taking part in physical activity (McGhee et al., 2007).   
Despite the significance of loading on the structures of the breast during activity, extension of 
the soft tissue of the breast has yet to be investigated thoroughly.  It is not known whether 
tension on the skin and fascia causes the breast to extend beyond the anatomical reference 
position (when gravity loaded) and the relationship of this variable to exercise-related breast 
pain may broaden our understanding of the mechanical demands on the breast. 
To quantify breast motion and understand exercise-related breast pain, previous research 
has linked improvements in breast comfort with reductions in vertical breast displacement 
(Mason et al., 1999) and vertical breast velocity (Scurr et al., 2010), while vertical breast 
acceleration has shown a limited relationship to breast comfort (Mason et al., 1999).  
Investigating the relationship between these previously reported variables and breast 
extension may help determine the importance of this biomechanical variable.   
To determine whether stretching occurs on the soft tissue of the breast during treadmill 
running, this study aims to quantify the vertical movement of the breast beyond the 
anatomical reference position (breast extension) and to determine the effect of breast 
support at reducing breast extension.  To understand the importance of this measure, this 
study also aims to investigate the relationship between breast extension and exercise-related 
breast pain and also the relationship to breast mass and other previously reported variables 
(displacement, velocity and acceleration).  It is hypothesised that increases in breast support 
will reduce breast extension during running and that breast extension will demonstrate high 
correlations with exercise-related breast pain and breast mass. 
 
METHODS: Following ethical approval, 23 active female volunteers (mean age 25.2, SD 4.6 
years) who had experienced no breast surgery and had not gone through pregnancy within 
the last year, were selected to take part.  Participants’ breast size was determined by a 
trained bra fitter (range: 32A to 34G).  Participant’s breast mass (g) was estimated using the 
breast tissue resection weights presented by Turner and Dujon (2005). 

 

Rowing experience also affected movement strategies. Skilled rowers had slightly increased 
hip flexion (catch phase) and knee extension angles (finish phase). These changes are likely 
related to performance factors and allowed athletes to increase the stroke range. Hase et al. 
(2004) also found a small statistical influence between rowing kinematics (increase in knee 
extension, less trunk movement and less variance in motion) produced by skilled and 
unskilled rowers with similar physical properties. Changes in kinematics could produce 
different risks of injury in rowing. Low back pain is a common injury for elite rowers (McNally 
& Seiler, 2005) and difference in kinematics may increase propensity for such pain. Soper & 
Hume (2004) suggest that a flexion of the lumbar spine increases the risk of low back pain. 
Therefore, an increase in hip flexion would likely decrease flexion of the lumbar spine and 
should consequently lower this risk of low back pain. These results could indicate the 
possible danger of an increasing risk for low back pain for the obese group. However, it is not 
yet known if the increased risk for low back pain in rowers may be linked to kinematics, 
overtraining or overloading. Nevertheless, the variation in hip flexion angle between the 
normal weight (skilled/unskilled), overweight, and obese subjects suggests that rowing may 
present different injury risks for the investigated groups. A practical application of the 
differences in rowing kinematics between body shapes may involve changes to ergometer 
design. Unlike elite rowing boats, where the setup is variable, the rowing ergometer is non-
adjustable. The results of this study suggest that manipulation of the rowing ergometer for 
different body shapes may be useful to remediate any kinematic variations (i.e. adjustable 
footrests, wider seats, incline seats etc.) and increase comfort during rowing. Nevertheless, 
further studies are needed to gain insight into the differences in rowing kinematics and how 
equipment manipulations affect these changes.
 
CONCLUSION: Body shape and rowing experience influence rowing kinematics and may 
produce different risks for low back pain. Adjustable setups of the rowing ergometer may 
decrease injury risks and could increase comfort for obese. Increasing rowing comfort for 
obese individuals may also lead to an increase in exercise participation. 
 
REFERENCES:  
Browning, R. C. and Kram, R. (2005). Effects of obesity on the biomechanics of walking at different 
speeds. Medicine and Science in Sports and Exercise, 39, (2007), 1632-1641. 
McNally, E., D. W. and Seiler S. (2005). Rowing injuries. Seminars in Musculoskeletal Radiology, 9(4), 
379-395.  
Lai, PPK., Leung AKL., Li ANM. and Zhang M. Three-dimensional gait analysis of obese adults. 
Clinical Biomechanics. 23, (2008), 2-6. 
Sanada, K., Miyachi M., Tabata I., Suzuki K., Yamamoto K., Kawano H., Usui C. and Higuchi M. 
(2009). Differences in body composition and risk of lifestyle-related diseases between young and older 
male rowers. Journal of Sports Sciences, 27(10), 1027-1034.  
Soper C & Hume P. A. (2004), Towards an ideal rowing technique for performance - The contributions 
from biomechanics. Sports Medicine, 34 (12), 425-448  
Yoshiga, C. C. and Higuchi M. (2002). Heart rate is lower during ergometer rowing than during 
treadmill running. European Journal of Applied Physiology, 87(2), 97-100.   
WHO expert consultation (2004). Appropriate body-mass index for Asian populations and its 
implications for policy and intervention strategies. The Lancet, 363(9403), 157-163 
 
Acknowledgement 
This project was funded by the Research Excellence Fund of Michigan Technological University. The 
authors would like to thank Erich Petushek, Northern Michigan University, for his assistance in this 
work. 
 




