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Sensor node acceleration signatures and electromyography in
synchronisation and sequencing analysis in sports: a rowing

perspective

Sian Armstrong, Leonard DM Nokes

Abstract

Following a review of the key determinants of successful rowing, a wirelessbosggr network
(BSN) was developed to monitor boat and body segment acceleration, and surface
electromyography in major muscles recruited during the rowing stroke cycle. s aess
optimised to yield maximum information about the rowing stroke cycle from feemrsors, and
minimise the power consumption of the nodes. The system was validated against tegsQuali
motion capture and high speed camera system with most Pearson correlation coefficieassin exc

of r=0.8.

On land ergometer experimentation allowed muscle recruitment over the stroketayum
studied, with multiple experiments combined using correlation of the actabesainatures of
back and thigh nodes (r=0.95). It was demonstrated that it was possible toy idastidf the
common rowing errors of “shooting-theslide” from the data collected, and that a marked decrease

in correlation of goode-bad technique over the drive phase of the stroke (0.95 reducing to 0.34

in the experiment undertaken) could be used to indicate the presence of this error.



Extension of the wireless BSN to encompass boat and two oarsmen was demonstnated, al

correlation of their rowing signatures to be studied, indicating their cohesion as a crew.
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I ntroduction

Understanding the factors which can influence sporting performance and allow idéorificzh
of promising sporting candidates and to coach them to reach maximum potentiatessutaess
1. Miniaturisation and integration of sensors and electronics has facilitated theatibseand
analysis process allowing multiple variables, including body kinematics and bicsnétribe
scrutinised to determine their effect upon performance. Furthermore, the aduptuneless
sensor networks (WSN) allows for greater flexibility in the collection of data, leawinathlete
unencumbered by wires, moving beyond simply the idea of telemetering (tramgthigidata to
a remote datalogger), to the collection and exploitation of data from muhipbmnected sensors
2, Such advances lead to greater monitoring in the natural environment of the spoemthuisg
the limitations and influences of laboratory measurement, and allowing for tleecapmetrics

that cannot be determined by the more traditional video analysis méthods

The choice and location of sensors is dependent upon what analyses are desired, and thus
determined by the sport itself, and the factors and metrics that indicatkiena® success and
achievement in that sport. An excellent example with which to demonstrate thesbeihBbtly

WSNs is Rowing. This includes many of the characteristics for which synchrandusgireless



measurement at multiple sites benefits; an all body sport requiring specific sequeroimy
involvement, a cyclic action, a natural environment that does not facilitate atiserand
analysis, and that cannot accurately be mimicked on dry land, and (in multi-oarsman boats) a

requirement for synchrony within the crew.

This study identifies sensors and node placement that allows the studystfoltee cycle in
rowing, both on land ergometers and in-boat, enabling the optimisation of the rowieytstr
yield an improvement in performance. Through the use of an acceleration signatigmtify

the stroke cycle, and muscle activity measurement, variance in the rowing strokedogmised

good technigue can be highlighted, with a view to providing feedback to the oarsman.

Key deter minants of successful rowing

The time taken to row a set distance is clearly the key determinant of sucamssfg| leading

to boat velocity (for a given boat type) being the gold stantigndwever this reveals nothing
about the technique or physiology of the oarsman, and where improvements might be nmade. Boa
velocity is not constant, and varies over the stroke éyaled thus manner and degree with which

the boat velocity varies over the course of a stroke will affect the final boat velocity. Siimgmi

this variation will minimise drag on the hull of the b8aand ultimately minimise the energy
expenditure of the oarsménWhat causes this variation in velocity over the stroke cycle is the
biomechanic$, timing® and balancé’ of the oarsman, all of which affect the run of the boat and

the water drag.



Maximum force application towards the velocity production of the boat is achtbueagh

timing and sequencing of the power application to overcome boat drag%crbesmeasurement

of force has been undertaken by a number of researchers at different locations upon the boat: oar
force, both at pin (where the oar engages with the boat) and oar handle, anetcimtrstorce

1112 whilst others have attempted to analyse forces at the spoon of tHelb&@uch analyses

have led to opposing views with regard to the importance of the catch and fitighrofving

stroke in the generation of maximum boat velocity. Kleshnev states that hydrodyiftdorices

of the spoon (at the catch) contributes greater propulsive force (56% compared to 44%) than that
of drag forces (which the oarsman levers against when the oar is perpendichiarmtmat).
However transverse forces, greatest at the catch and finish, produce a yawvhiffectan

detrimentally affect the balance and velocity of the Bbat

The sequencing of force application within the stroke cycle thus goes beyomdidhef drive

(oar spoon in the water) and recovery, leading to the naming of four accepted soylésg
Rosenberg, Grinko, DDR and Addf the first two being of a sequential style, the latter two a
simultaneous approach. No consensus has yet been agreed on the preferred approach, with
Kleshnev concluding that the sequential style results in greater powethersimultaneous
approach being more biomechanically efficient. In more recent research, édléstlitates the
importance of analysing the muscle contributions of the oarsthaSuch body centric
measurements are also important to show the different physiological effects difféhent

rowing styles’, with blood lactic acid concentration and VO2 measurements in oarsmen with

different rowing styles indicating elevated levels of both in those withepst power increase



at the beginning of the stroke. Further on-body analysis has been used to anabys@ethetroke

with a view to greater understanding and prevention of iffury

Finally, extension of on-body measurement to include multiple oarsmen (a crew) and the boat
itself should yield greater information about sequencing and performance conset&ti®
Monitoring the synchronisation of limb sequencing and force application,njaration with

boat performance might ultimately yield to a tangible measure for the “swing” effect, described

by US Rowing Nomerlature as “a hard-to-define feeling when near-perfect synchronisation of

movement occurs in a shell, enhancing the performance and speed of the crew” 2%,

Method

A rationale of minimising the number of sensors per node whilst maximising abtenti
information collection, and common functionality throughout the network was talediowofor
greatest flexibility of placement of the nodes with minimal set-up and catibrat-body.
Emphasis was also placed upon minimising power requirements, through minitmésgy time
of the wireless module, notably the transmit time of data from slave nodes to tanatwor

Both these approaches minimise node-siae important factor with nodes placed upon the body.

Sensor choice, node placement rationale

Instrumentation upon the boat to measure oar and stretcher force, oar angle and levatiaccel
have been staples of rowing stroke analysis for some'tifddeand attempts have also been made

to study body segment acceleration and velocity, notably by Kleshnev who used thidyto st



what he describes as the micro-phases of the rowing stroketyanid the sequenced application
of work by legs, trunk and arms, though these measurements were made by unwieldy cable

position transducers.

Micro-electro-mechanical systems (MEMS) accelerometers (measuring linegeration and
vibration) and gyroscopes (measuring angular velocity) have become increasingly jopular
handheld and wearable devices for the purposes of gesture, movement and positiometiamfor
due to their small size and low power. More recently inertial measurementMitits) combine
these in one sealed and calibrated package, often with additional magnetomegreti¢rfiald
sensor)o potentially deliver up to six degrees of freedom (DOF) positional inféomdthree
degrees translational, three degrees rotational). The fusion of up to nine IMUpidatayields
greater accuracy, though this brings with it complex processing andrertirecently a hefty

price-tag, but show promise for the future.

Current literature in rowing and wider sporting and health monitoringlsfielemonstrate
increasing research exploiting MEMS technology. Early on-body accelerometerchesear
employed single-axis accelerometers for body posture identificticBubsequent research
combired information from integrated MEMS tri-axial accelerometers and gyroscopéslido

an estimate of limb orientatic® 26and joint anglé’?°. These latter groups additionally applied
anatomical constraints of the joint (e.g. the knee) to further improve theagstimn rowing,
accelerometers and gyroscopes have been used both in wired systems upon the boat’and oars
to determine stroke rate and drierecovery ratio, and wirelessly upon the body during

ergometer rowing in the laboratofyto analyse rotation in the lower back and femur to study the



relation to back injury. A couple of groups, both within and outside the study aigphave
used solely multi-axis accelerometers in novel physical arrangements to deteratioa aid
translation through computatiéf 23 thus demonstrating the possibility of determining angular

displacement without the zero drift errors of gyroscopic techniques.

Another on-body measurement that would allow analysis of the application of fote, an
specifically limb sequencing in rowing is that of surface ElectromyogragfBy1G), and in an
article in 2010, Kleshnev makes a departure from his discussions of boat kinetics and kinematic
of rowing to consider biomechanical analysis through EMG, publishing a pilot studgidaentk

the sequencing of muscle activation during the rowing stftoksome earlier studies had taken
place, often analysing asymmetry in muscle recruitment in ro#in§ but subsequently to
Kleshnev’s article a number of studies have employed SEMG data loggers (wired devices that
allow multiple muscles to be monitored) to monitor rowitg?, often comparing rowing

ergometer rowing and on-water rowing.

Combining the flexibility and potential of MEMS sensors with the biomechanical passodf
SEMG allows their combined data to yield information on sequencing of the rowing,strak
synchronicity of a rowing crew. With a view to keeping dataset size and compuaatan
minimum for purposes of node optimisation, it was determined that #&i-agcelerometers
would be employed upon the wireless nodes, thus also affording the possilailitylemounted

node to measure the acceleration of the boat itself.

Initial experimentation was performed upon a rowing ergometer to determinaptineum

minimum placement of the nodes that would allow laotlacceleration ‘signature’ of the node



site to be captured, to be used for the identification of the stroke cyclepeaslirement of a
pertinent muscle. Whilst a large number of node placements were used over theotourse
experimentation, allowing the measurement of many muscles, a minimum measurement of thigh
acceleration with biceps femoris SEMG, and upper back acceleration withitkcapEMG were
chosen to illustrate the rowing stroke. Monitoring acceleration at the thigh anggbe back
allows an acceleration signature to be captured at two sites whichstanform upon the phases

of the rowing stroke regardless of which of the four accepted rowing stgfeadopted by the
oarsman. Additionally, since acceleration measured upon an oarsman in-boat takesthilace

an accelerated systefd the signature is different upon a rowing ergometer than in-boat.
However, the measured signature at these two sites yields nevertheless a defirtbaishibpeas

the transition of one stroke to the next to be identified. The influence of bed¢ration upon

oarsmen within the same boat is equal.

Connection between sEMG electrode sites and the node itself were kept shoitigercable
movement artefacts, but whilst still allowing the electrodes to be placed slightlyadisfrom
the node itself. This allowed for example a single node position to measul@deqt and rectus

femoris muscles of the thigh.

System optimisation

System optimisation can be performed both at the hardware design stage antarimithieef A
Microchip PIC microcontroller with extreme low power functionality was usitdin the node
architecture providing space-saving on-chip peripherals (sensor data tiligifiseners, on-board

memory, etc). Whilst the MEMS accelerometers require minimal externalitgrgrior to



sampling and digitisation, further consideration was made with regards t&ENH@ sircuitry.
SsEMG measurements can yield a number of interesting parameters including misaf®mc
timing, activation shape (e.g. variance) and frequency distribution ofighal.sCommercial
electromyography systems sample in excess of 1000Hz to allow frequency informatmn up
500Hz to be faithfully captured (Delsys Inc.). An impact of high frequency #agnjsl data
processing complexity, increased power consumption and high data storage requirements.
Primary parameters of interest in this study were muscle activation timimgdhe stroke and
inter-muscle sequencing, not requiring frequency distribution information. Thus a smadiraddit
to the hardware circuitry, to perform an extraction of the linear envelope afukcle data was
made. This firmware to hardware trade-off allowed for a signifigdatver sample rate (50-
60HZz) thus minimising the data that needed to be processed, stored, and most tigpnportan

transmitted, by the sensor node.

A wireless Body Sensor Network (BSN) was developed through integrating Zegties nto
these nodes, with the coordinating node interrogating the slave (measurementpnddtsat
regular intervals (each node was allocated a personal interrogation-upload winaioyoining

the network), but allowing the slave node radios to be only active for a fractiire efode
operation time to upload data and to wake for broadcasts of important crosskriafarmation

(e.g start/stop logging data, synchronisation messages). Minimising the nunsessofs per
node, and sample rate of data minimises the data that needs to be transmitted, andiriris the
that the radios need to be in transmit mode, the mode with the highest power cansubDgit
analysis was performed off-line in Mathworks® Matlab, but through minimisaif data to

minimise processing requirement it is envisaged in future that some featuré@xiraald take



place at the slave node, with further analysis at the coordinator magalftime feedback to the

rower.

Experimentation

System validation and individual oarsman analysis

System validation was performed by simultaneous measurement using the Qualisys motio
capture high speed camera system to capture positional and acceleration iofofroatithree
reflective markers placed upon the nodes sited on the right shank, thigh &nat uggrer back
during ergometer rowing. Motion analysis systems employing passive markers anascsucar

as Qualisys are regularly used in land-based rowing experimenté&fiorAdditionally, two
Delsys sEMG sensors were synchronised to the Qualisys motion capture system to monitor
muscle activity upon the left shank and thigh; as ergometer rowing is ssicahehe left and

right side of the body can be expected to demonstrate similar (though notatjemtiscle
activity. Electrode placement was made with reference to Gray’s Anatomy 4’ and the SENIAM-
project*®. The wireless BSN nodes (xyz lowercase axes notation) were aligned to the Qualisys
reference system (XYZ uppercase axes notation: X-axis pointing horigdnt#le direction of
motion along the slide, and the Z-axis vertically upward) when the oarsmanfgigat at rest

at backstops (figure 1).



experiment
sEMG 1 2y 95
electrodes position: @ @ @

BSN node position:

Qualisys reference
system

BSN system at
backstops

Figure 1. Node placement, and SEMG measurement site.

Node placement over three experiments, with black nodes/electrodes indicating node in common position
across the three experiments.

Correlation between the acceleration data captured by the wirekd¢si@a and the Qualisys
system was calculated using Pearson’s correlation coefficient*, first by interpolating the wireless
BSN data such that the datasets were of equal size, and then plotting the deaassteath
other for visual interpretation prior to calculation of the correlation coefficigpuiré 2). As the
motion capture system measures only inertial acceleration, the changing igralitat
contribution to the acceleration signature measured by the wireless BSNotaseis with the

oarsman’s movement) introduces nonlinearities to the correlation. The stroke cycle wasdher



sub-divided into phases of drive, recovery and hands-away/rock-over and showed good
correlation: The thigh acceleration in the axis parallel to the ergomete(Xétabas) was highly
correlated with values of r=0.85, 0.88 and 0.87 for drive, recovery and hands-away respectively
The acceleration in the axis perpendicular to the ergometer(glideis) can achieve a whole
stroke correlation of r=0.89. Correlation of the node placed upon the back achieves re.82 ov
the whole stroke for the parallel ax}s-axis), and for the perpendicular (Z-axis) it achieves high
correlation of r=0.79 for both drive and hand-away/rock-over, and moderate correlatiOrbaf

for the recovery (this has a slowly changing gravitational component which thakasrelation

less easy to interpret). Muscle activity correlation showed higtelation of r=0.85 for the
gastrocnemius muscle in the shank, and moderate for the biceps femoris, r=0.54. dinis con
with visual inspection of the captured measurements against time; the sEMGJesighapon

the thigh node was low, yielding loss of sensitivity of the measurement, indigatssibly less

than optimum placement or adhesion of the electrodes; additional differencesatiabbied to

varying placement/physiology/force application between left and right limbs.
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Figure 2. System Validation, comparing upper back and thigh acceleration, and left and right

lower limb muscle activity, and examples of correlation scatterplot analysis

With confidence that the system accurately captured information, and that nedes w

synchronous across the network, further experimentation was then made on-land and in-boat.

The acceleration signature can be used to align the strokes of multiplerexyer(performed at

the same stroke rate) where at least one node remains unmoved between expé&hmatitsys

the number of measurements to greatly exceed the number of sensors or wireleaganaddes

Figure 1 shows the node positions over 3 ergometer experiments which were aligned using the

acceleration signatures of back and thigh nodes which remained in a common gositighout.



The correlation index between the acceleration signatures used in thegliyocess was
calculated to be=0.95. Additionally the Variance Ratio (VR) of sensor readings was catdulat
to determine the oarsman’s stroke consistency. The VR optimality criterion was developed by
Hershler and MilneP° to measure repeatability of a signal over a given number of identical
footsteps in gait analysis, which they stress is suitable for determinatiepeaftability of any
repetitive signal (VR=0 for completely reproducible signals, and VR=1 for coryplete
irreproducible signals). The oarsman displayed excellent VR values for acoelsigtiatures
and sEMG signals at all nodes, varying from best 0.03 to worst 0.21. Since badkghnd t
acceleration signatures were used to align the three experiments, it is noted tiavtieeg of

back and thigh acceleration in the axes of interest were 0.06 and 0.1 respectively.
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Figure 3. Overlaid muscle activity measurements and acceleration measurements.

The three experiments aligned by thigh and upper back acceleration data to allow analysis of SEMG data

from multiple muscles during the rowing stroke; shaded area indicates drive phase.
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Figure 4. Thigh and Upper back acceleration and sEMG signatures during normal (blue) and

“shooting-theslide” (red) rowing, indicating a marked difference in the drive phase.

The results of combining the three experiments are shown in figure 3, showing the major muscle
recruitment over the rowing stroke during the drive and recovery phases, andnatireasscle
recruitment description given by Mazzotteof the kinesiology of the rowing stroke. Thus it is
interesting to compare measurements using this system of a ‘good’ rowing stroke with one that
displays one othe common rowing ‘errors’. One such common error is that of “shooting-the-

slide’. This error consists of driving with the legs such that the seat leads the back in the drive
phase rather than leg and back drive acting as one phase. Figure 3 comparesahewarg

stroke with the oarsman simulating the shooting-the-slide error. Bgthdhid back acceleration



signatures demonstrate clear differences during the drive phase; the thighrsignitating that

the drive to backstops is achieved over a shorter time at the beginning of the drive phage, and th
back signature demonstrates late recruitment into the drive phase. Intergstimtdy thigh

SEMG data also corroborates the short impulsive force in the leg théveuscle recruitment of

the back during shooting-the-slide indicates greater and earlier activassiilpdue to the back

being in extension due to the early drive of the I®garson’s correlation coefficient could be

used to highlight to the oarsman when his stroke is indicative of shootinigthepsirticularly if

the drive and recovery phases are compared separately (since it is the drive plibseatiest

from ‘normal’ signature, with the recovery phase remaining largely unaffected). The thigh
acceleration data compared in figure 4 demonstrates coefficients of r=0tBé fecovery, but

with correlation for the drive phase dropping from r=0.95 to je§t34 when normal and
shooting-the-slide are compared. A threshold could thus be set whereby a single numerical score
or audible feedback could be produced to feedback in real time to the oarsematentification

of such non-distracting, real-time feedback has been the focus of a number of stad@sin

training and rehabilitation, both in rowing and other spBréé

Crew analysis

Data collection across distributed wireless nodes was extended to a double scullicrgwpat
thus allowing simultaneous monitoring of both oarsmen (at thigh and upper back) in conjunction
with the acceleration of the boat. The oarsmen were both club rowers, af $iuiitl, height and
rowing experience (Stroke: 38yrs, 187cm, 96Kg, Bow: 34yrs, 187cm, 107Kg). On river

measurement took place on a 1km stretch of river, both upstream and downstream, afitidr an in



warm-up row. Oarsmen were instructed to row at 20-22spm, moderate intensity. Figure 5 shows
data from the two oarsmen overlaid for comparison. Figure 5(a) demonsimabesit
measurement, and figure 5(b) demonstrates ergometer measurements made immediately
afterwards with no node placement or electrode change in a simulated doubleaegdraent

with Bow continuing to take timing cues from Stroke. Data transmission failutgredan the

back node of the Stroke oarsman in the on-river measurement but was successful ietjuestibs

ergometer measurement.
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Figure 5. Simultaneous data collection upon two oarsmen in a double-scull, and simulated

double-scull upon ergometer.
Back and thigh acceleration, trapezius and biceps femoris SEMG data. Green and blue shaded areas

indicate catch and drive respectively.



Correlation coefficients of r=0.91 and r=0.80 are achieved between thigh sagnafuhe two
oarsmen in-boat and on ergometer respectively, and r=0.97 for the ergomk&tsigbature.
Analysis can be made between muscle recruitment of the biceps femoris thighsnofisice two
oarsmen, with bow sustaining a steady muscle input over the drive phase and stroke alimgonst
a more peaked muscle recruitment over the drive phase. The activa&onftime muscle is
however very similar. Interestingly, the trapezius muscle recruitment otwbeoarsman
measured by the back nodes is differenth\Btroke’s muscle recruitment peaking at the catch
and then being sustained throughout the drive, and contrastingly Bow demonstratingira build
muscle activity through the drive phase. This could indicate a differarteghnique, different
physiology, or a combination of both between the two oarsmen, or highlight the difficult
matching electrode placement in the large muscle of the back. The acceleration sajrtheire
back node between the two oarsmen indicates that Bow, who follows Stroke, is consistently
slightly late at the catch (about 0.05s) but their finishes are matched perfidud might

corroborate a difference in technique in muscle recruitment in the back.

Discussion and Further work

The experimentation described demonstrates the feasibility and potential essiB3N both
for analysis of limb and muscle recruitment sequencing in a single oarsman, aniyde trea
synchrony between multiple oarsmen in a boat. Acceleration signatures can be usediyo identi
the stroke cycle and used both to analyse variance between strokes, and to allow abgnment
data between multiple experiments. Such data can be analysed in conjunction with &ecelerat

data from the boat itself, with a view to maximising the positive acceleratioe plidise boat



(“A” in figure 5(a)), and minimising the boat deceleration (‘B’), thus maximising the performance
of the boat. Optimisation of the system reduces the processing, storage reqisrama wireless
transmission overhead, thus minimising power consumption and battery longentpverall

node size and complexity.

With further wireless nodes, such crew experimentation could be extended to monitor more sites
across the body, or larger crews. In particular, it would be interesting ysamailltiple muscles

in thigh and back to analyse differences in muscle recruitment and technigeerearsmen,

and to more closely analyse the muscle recruitment of oarsmen adopting themsext rowing
techniques. Muscle recruitment variation and timing at different rowiremgittes and stroke

rates could be analysed in conjunction with the boat acceleration to fetdbgrthe correlation

between technique and performance.

Further study is required to determine the best methods to feedback performance to e oarsm

in real time, both of the choice of metric to convey, and in the method of communicating it.
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