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Kinematics of Spinal Motion During Prolonged Rowing

Abstract

Low back pain is a common problem in rowers of all levels. Few
studies have looked at the relationship between rowing tech-
nique, the forces generated during the rowing stroke and the
kinematics of spinal motion. Of particular concern with respect
to spinal injury and damage are the effects of fatigue during
long rowing sessions. A technique has been developed using an
electromagnetic motion system and strain gauge instrumented
load cell to measure spinal and pelvic motion and force gener-
ated at the handle during rowing on an exercise rowing ergom-
eter. Using this technique 13 elite national and international
oarsmen (mean age 22.43 +1.5y) from local top squad rowing
teams were investigated. The test protocol consisted of a one
hour rowing piece. During this session rowing stroke profiles

were quantified in terms of lumbopelvic kinematics and stroke
force profiles. These profiles were sampled at the start of the ses-
sion and at quarterly intervals during the hour piece. From this
data we were able to quantify the motion of the lumbar spine
and pelvis during rowing and relate this to the stroke force pro-
file. The stroke profiles over the one hour piece were then com-
pared to examine the effects of prolonged rowing. This revealed
marked increases in the amount of spinal motion during the
hour piece. The relevance of this with regard to low back pain re-
quires further investigation.
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Introduction

Rowing is considered to be among the most physically demand-
ing of all endurance sports [14]. It involves an interaction
between physical strength, endurance, the individual skill of the
athlete and the optimal design of the equipment. Compared to
many contact sports the level of injury in rowing is comparative-
ly low. However, in recent years concern has been expressed
about the number of spinal problems, with an incidence of 15-
20% amongst elite and club level rowers [15,25].

In rowing the spine constitutes the central part of the kinetic
chain linking the power generating sources (the legs and arms)
of the stroke, and transferring this power efficiently to the oar. It

has been hypothesised that the biomechanical demands of the
rowing stroke produce repeated high magnitude forces to the
lumbar spine [13,20,21]. However, the models used to deter-
mine these forces are not comprehensive and thus these forces
may not be as high as predicted. They also do not account for
physiological factors such as strength and endurance that may
influence the resultant load on the spine [20], which may be
important factors for the development of low back pain [23].

Biomechanics research can play an integral role in reducing the
incidence and severity of sports injuries [10]. Biomechanical
analysis may be particularly pertinent since the technique of
rowing is thought to be a major factor in the generation of
injuries, particularly spinal injuries [7,13,30]. However, research
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into rowing has frequently focused on physiological issues
[3,4,8,18] or aspects of boat/ergometer performance
[1,6,11,19,24,26,27,32] as opposed to the kinematics of the
rower. Additionally those studies that have investigated the
kinematics of the rower have looked at whole body mechanics
[12,31] and have not focused on specific body regions such as
the spine.

A tool frequently used in training is the rowing ergometer. This is
believed to provide an accurate reproduction on the land of the
rowing motion and loading of different body segments on the
water [17]. Instrumentation of the ergometer allows for specific
data to be assimilated about the rowing stroke [27], which if
combined with kinematic data from the athlete [5] may provide
a valuable tool for investigating injury mechanisms in rowers.

The primary aim of this study was to investigate rowing tech-
nique using a system that combines spinal kinematics data with
force curve profile data in order to develop a system to identify
injury mechanisms in rowers. The secondary aim of the study
was to investigate how rowing technique changes during a pro-
longed aerobic session (utilisation training), in this case a one-
hour training piece on a rowing ergometer.

Material and Methods

Study population

Ethical approval for this study was obtained from the Riverside
Research Ethics Committee and written informed consent
gained from all subjects. Thirteen elite national and international
oarsmen (age: 22.4+1.5y, height: 188+3.0cm, Weight:
86.0+6.8 kg) were recruited from Imperial College Boat Club,
London. All athletes were sweep rowers with seven rowing
strokeside and six rowing bowside. Of these subjects, six had
previously reported LBP, which had required conservative inter-
vention and/or had resulted in time off training. Seven subjects
had no history of LBP.

Protocol

Athletes were instrumented with the Flock of Birds™ electro-
magnetic measuring device (Ascension Technology, Vermont,
USA) as described by Bull and McGregor [5]. The protocol was
modified in one way: the receivers were attached to the skin
using a colloidal glue (SLE Diagnostics, England) at the thoraco-
lumbar (T12/L1) junction, the lumbosacral (L5/S1) junction and
10 cm proximal to the lateral epicondyle of the right femur, as
opposed to the previous mounting blocks. This permitted the
determination of the position and rotation of each body segment
relative to a fixed electromagnetic transmitter. Lumbar spine
motion was determined from the thoraco-lumbar and lumbosa-
cral segments as described by Dolan et al. [9]. In addition, the
ergometer was instrumented with a load cell in-line with the
handle connected to the chain (Oarsum, NSW, Australia) that
provided information about the tensile force produced at the
handle. The output from both the Flock of Birds and the load
cell were synchronised using an in-house computer program.

Prior to recording, athletes performed a three-minute warm up
on the ergometer, after which the position and fixation of the

receivers were checked for any slipping or loss of adhesion. The
athletes were then asked to row continuously for one hour at
their normal intensity for a sixty-minute ergometer session.
This corresponded to a stroke rating between 18 - 20 strokes per
minute, and athletes were instructed to keep their heart rate
between 130- 150 beats per minute. During the hour, four two-
minute recordings were made from the data. The timing of these
were at the start (0—2 min); 19-21 min; 39-41 min and at the
end (58-60min) of the hour session. The athletes were aware
that these recordings were being made.

Data presentation and statistical analysis

Sagittal plane motion was analysed using the kinematic data
recorded. The rowing stroke was characterised in percentage
points starting at the catch position and ending at the next catch
position, identified as a change in tensile force from zero to a
positive value as recorded by the load cell. This provided normal-
isation of the data between and within rowers. Segmental angles
were zeroed at the catch to allow comparisons to be made
between athletes and facilitate data interpretation. Kinematics
data over the two-minute sample period was averaged and pre-
sented in terms of force, anterior-posterior femoral rotation
(flexion-extension), and anterior-posterior lumbar spine rotation
(flexion-extension).

Statistical analysis of the data was performed using Stata 6.0
(Stata Corporation, Texas, USA). A 2-way (paired) analysis of var-
iance (ANOVA) was performed on the data to test the hypothesis
that the rowing technique varied with time. Where the ANOVA
revealed significant differences, orthogonal contrasts were per-
formed to localise the factors responsible for this difference [2].
The statistical threshold was set at an alpha level of 0.05.

Data analysis

Fig.1 depicts a typical force profile of a rowing stroke, which is
approximately described by the positive half of a sinusoid during
the drive phase of the stroke (0-30%). No significant tensile
force is generated during the recovery phase of the stroke (30-
100%). The drive phase of the stroke was subdivided into three
phases; steep initial acceleration (Drive Phase I) being followed
by a less severe, maintained acceleration (Drive Phase II) and
finally Drive Phase Il which was signified by the decline from
peak tensile force to the value at the catch (in some instances a
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Fig. 1 The force profile of a rower showing the different phases of the
stroke up to the Finish.
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residual tension was maintained through the handle as the
athlete progressed into the recovery stage, therefore baseline
tensile force was set at 40 N). The gradient of the tensile force
curve, the femoral and spinal rotations curves, for each phase
was determined. In addition the peak force generated was noted,
as was the finish point (end of Drive Phase III, where no further is
work is being produced through the handle) were identified.

Once the different phases of the drive were identified, analyses of
the kinematic data were possible and the gradients of the femo-
ral and spinal rotations curves were determined for each phase.
Fig. 2 shows typical spinal and femoral rotation. In addition the
percentage point and angle values of maximum femoral and
spinal rotation were identified.

Results

Description of rowing technique

The starting of the catch position (i.e. 0% and 100% point) was
achieved by anterior rotation of the sacrum (pelvis) and the lum-
bar spine and movement from this position representing a pos-
terior tilting action of the pelvis and extension of the spine. As
the rower entered the drive phase there was a rapid acceleration
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Fig.2 An example of the kinematic data recorded from the lumbar
spine and the femur. Flexion angles in the sagittal plane are shown.

of force evidenced by the high gradient of the tensile force slope
(92.4 N/stroke%, SD 22.7). In contrast, the gradient of the femoral
rotation was low (0.2°/stroke%, SD 0.4), suggesting that femoral
rotation was slight.

During the second drive phase, there was a subtle deceleration of
tensile force production, with the gradient of the curve falling to
60.5 N/stroke % (SD 17.8). The kinematic data demonstrated that
during this phase femoral rotation (which resulted in an
extension of the knee) increased more rapidly (1.3°/stroke%, SD
0.5). Spinal angular velocity at this stage was minimal (0.3°/
stroke %, SD 0.6).

Peak force production of 827.0 N (SD 76.3) occurred at 15.5% (SD
1.6) of the stroke. At the peak, the legs and back continued to
move together as in Drive Phase II. The speed of the movement
of the back and legs were seen in the gradients of their profiles,
0.5°/stroke % (SD 0.3) and 2.3°/stroke % (SD 0.6), respectively.

In drive phase III, the gradient on the tensile force curve was neg-
ative (-90.7 N/stroke%, SD 18.4), and kinematically associated
with a fast rotation of the femur (2.2°/stroke %, SD 0.5) and the
fastest rotation of the spine (during the whole stroke) into exten-
sion (0.9°/stroke, SD 0.4%). The “finish stage” (when tensile force
returns to baseline) occurred at 26.8% (SD 1.5) of the stroke,
approximately coinciding with an extended position of both the
femur and spine (Fig. 3).

The tensile force trace and kinematic data have been combined
in Fig. 3. From this it can be seen that co-ordination of the femo-
ral and spinal segments of the body was at a high level. In several
athletes (7/13), the spine continued to rotate into extension after
the finish stage of the stroke was achieved (Fig.4). This over-
extension represents a common fault seen in rowers. The aver-
age maximum spinal extension achieved was 16.8° (SD 8.2)
and occurred at 37.6% (SD 4.9) of the stroke.

The majority of athletes (8/13) in this study were unable to main-
tain knee extension at the finish stage of the stroke, demonstrat-
ed by an inability to maintain the femoral angular position at a
constant value between the 20 and 50% stages of the stroke in
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Fig. 4. Maximal rotation of the femur into extension occurred at,
or marginally after, the finish (27.9%, SD 3.1), followed by a rota-
tion into a flexed position during the recovery phase as the spine
rotated forwards. This may represent a relative inflexibility in the
hamstring muscle group. By the end of the recovery phase, the
femur had achieved full extension again (50.3%, SD 4.0). This
was followed by femoral rotation into a flexed position to enable
the start “catch* position to be achieved. The average maximal
range of motion for the femoral component was 37.9° (SD 7.5) of
flexion at the catch position.

The effects of prolonged rowing

Significant effects of prolonged rowing (p <0.05) were seen in
the following parameters; 1) the gradient of Drive Phase I; 2)
the gradient of Drive Phase II; 3) the percentage of the stroke at
which the peak force was produced; 4) the percentage of the
stroke at which the finish position was reached; 5) the magni-
tude of maximum flexion of the spine; 6) the percentage of the
stroke at which the maximum extension of the spine was
reached; 7) the stroke rate. The significance levels are summar-
ised in Table1 and mean values are shown in Table 2. Other
parameters including percentage point at which peak force
occurred were not significant.

Prolonged rowing led to a decreased rate of force production in
Drive Phases I and II, consequently leading to a higher percentage
of the stroke value for peak force production and finish position.
The maximum amount of spinal rotation into flexion attained
was greater with prolonged rowing, which consequently led to a
later percentage value for maximum spinal extension as the back
had to move through a greater range to achieve the same finish
position.

Discussion

This study has combined kinematic profiles of rowing technique
with rowing force profiles, the combination of which provides a
more complete, and accurate, analysis of the rowing stroke and
may yield important information with respect to injury. This sig-
nifies an improvement on the work of Bull and McGregor [5] and
Smith and Spinks [27]. Further improvements would be the

Table1 Continuous ANOVA and orthogonal contrast results. Only
parameters that reached significance have been included
(n=13).
ANOVA P Orthogonal Contrast -
Value Significant Locations
Drive | Gradient 0.02 Recording 1vs. 3 p=0.01
Recording 1 vs. 4 p=0.01
Drive Il Gradient 0.04 Recording 1vs. 3 p=0.01
Recording 1vs. 4 p=0.01
Peak Percentage 0.001 Recording 1 vs. 2 p=0.001
Recording 1 vs. 3 p=0.01
Recording 1 vs. 4 p=0.001
Finish Percentage 0.002 Recording 1 vs. 3 p=0.001
Recording 1vs. 4 p=0.001
Recording 2 vs. 4 p=0.01
Maximum Spinal Flexion 0.003 Recording 1 vs. 4 p=0.001

Recording 2 vs. 4 p=0.01
Recording 3 vs. 4 p=0.05

Recording 1vs. 2 p=0.01
Recording 1vs. 3 p=0.02
Recording 1vs. 4 p=0.04
Recording 1 vs. 4 p=0.001
Recording 2 vs. 4 p=0.01
Recording 3 vs. 4 p=0.01

Maximum Spinal Extension 0.04

Data Points per Stroke 0.002

Table2 The significant effects of fatigue in a continuous hour
ergometer. The mean value for the data in any significant
result is shown. (*denotes a non-significant test result.
Mean = S.D. presented, n=13).

Parameter Recording 1 Recording2 Recording3 Recording 4
Drive | Gradient 96.9+29.2 *90.5%£23.2 88.2+19.9 86.9+24.1
Drive Il Gradient 66.1£19.8 *62.1£20.8 60.9%+19.1 59.9+223
Peak Percentage 14.8+1.5 15.6£19 15.6+1.7 15.9+£1.9
Finish Percentage  26.5+1.8 26.8+1.3 27.1£1.6 27.6+2.0
Maximum Spinal -0.7£1.4 -1.25£1.8 -1.5+£2.0 -2.3£23
Flexion

Maximum Spinal 36.3+4.3 38.1£45 379146 38.0+£8.5
Extension

Data Points per 78.0+4.1 77.5+3.2 76.9+2.6 75.0+3.8

Stroke
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introduction of instrumentation at the handle displaying the
height and travel of the handle and hands during the rowing
stroke, and the measurement of force at the foot stretcher and
the determination of seat position. Work in progress is addres-
sing this limitation. However, the current configurations do
permit an analysis of key performance characteristics in con-
junction with lower back kinematics. Further analysis has been
conducted using principal component statistical analysis and
has shown that other descriptions may be able to elucidate
changes in technique, or even discriminate between rowers of
different levels and those with and without low back pain [22].

Although each athlete’s technique was consistent in each of their
data samples, differences were noted between athletes. During
the initial drive phase some athletes generated a negative femo-
ral gradient. This was shown as a negative femoral rotation at the
catch. This suggests that the load of the rowing stroke was being
sustained by the spine, which may have injury implications as
well as technical performance implications, the discussion of
which is beyond the scope of this paper.

Variations in technique were also observed at the finish stage of
the stroke particularly with reference to the position of the spine.
When athletes are coached they are instructed to stop extending
their spines and to “sit up” at the finish of the stroke, when force
production has ceased. A significant proportion of athletes in this
study were observed to extend the spine beyond the finish posi-
tion. This may occur for a number of reasons including a weak
trunk stabilising mechanism, and possible crossed-pelvic syn-
drome as described by Jull and Janda [16]. However, further
work is needed in this area. The full effects of this continued
extension in terms of boat speed require further investigation.

Despite a highly trained rowing population, significant differ-
ences were seen in certain parameters of technique over an
hour training period. Significant reductions in the gradients of
force production for both the Drive Phase I and the Drive Phase
Il were seen between recordings 1 and 3 and recordings 1 and 4.
It is unclear why this should occur during this comparatively low
intensity training piece, however, Sparto and Parnianpour [28]
noted that lifting velocities and accelerations decreased with
repetitive lifting and attributed this finding to muscle fatigue.
However, such changes may also be related to other factors such
as loss of concentration.

The increase in the maximum angle of flexion of the spine
observed during the task may be attributed to trunk fatigue, par-
ticularly as previous work has noted a comparative weakness in
the trunk musculature in rowers [23]. This may have placed
larger loads on the spine and as such this may be an important
factor in the generation of LBP in rowers. Previous occupational
studies have implicated increases in force generation as a result
of increased back motion arising from fatigue [28,29]. Addition-
ally, the percentage value of maximum extension of the spine
was found to be significantly less in the recording 1 when com-
pared to recordings 2, 3, and 4. This delay was due to the greater
range that the spine had to work through to achieve the finish
position. Together these findings provide evidence for an
increasing range of spinal movement with prolonged rowing. It
is speculated that the athletes increased their spinal motion in

order to maintain a constant output on the ergometer, which
implies an increased role for the back extensor muscles in force
production during the rowing stroke, which may be causative in
the generation of LBP. However, further research is required to
clarify this.

The percentage at which the peak force of the stroke was pro-
duced was significantly different in recording 1 compared to re-
cordings 2, 3 and 4. The stroke rate increased in recording 4 rela-
tive to recordings 1, 2 and 3. This change in stroke rate is a com-
mon occurrence amongst athletes at the end of long ergometer
sessions.

Although prolonged rowing appears to induce changes in rowing
technique, it is not possible, at this stage, to quantify the effects
of these changes on joint loading at different body segments. It
has been assumed that the initial set of readings (recording 1)
are representative of an ideal technique; however, this may not
be the case as athletes take time to warm-up and achieve their
full range of normal motion, as reflected in some of the results
gained.

Conclusions

The quantification of rowing technique in elite oarsmen has pro-
duced an in depth report of each stage of the rowing stroke. It has
also allowed an investigation into the effects of long distance
ergometer training on rowing technique in elite oarsmen, the re-
sults of which suggest that a deterioration in technique occurs
which may have implications with respect to the onset of low
back pain.
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