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The purpose of this study was to compare knee muscle activity in race walkers with 
different knee extension patterns. Three international athletes walked over two force 
plates recording at 1000 Hz. Video data were simultaneously recorded at 100 Hz; the 
digitised data were combined with the force data to calculate net muscle moments and 
joint powers. EMG testing was carried out on three muscles which cross the knee. The 
two walkers with legal techniques had similar moment and power patterns, whereas the 
non-legal walker experienced a longer period of eccentric flexor moment at the beginning 
of stance, which may have affected his ability to extend his knee correctly. After this, all 
three athletes experienced a period of isometric contraction at the knee. Achieving 
correct technique requires both strength endurance exercises and mobility development. 
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INTRODUCTION:In race walking, the knee must be straightened from the point of contact 
until the ‘vertical upright position’ (referred to here as ‘midstance’). Knicker and Loch (1990) 
defined straightness as a knee angle between 175 and 185°. Kinematic studies (e.g. Hanley 
et al., 2008) have shown that many athletes are able to achieve full extension throughout the 
required period. Others had slightly flexed knees at contact but their knees extended so 
quickly during the early part of stance that the lack of extension went unnoticed. Also, many 
race walkers hyperextend their knees considerably during stance (Hanley et al., 2008). The 
activity of the muscles responsible for knee extension during race walking stance is not well 
documented. Although not always generalisable to a larger population, single subject 
analyses on elite athletes can be useful for qualitatively analysing specific movements. The 
purpose of the study was to describe knee moment, power and EMG patterns in athletes with 
different extension patterns to establish if there may be a difference on an individual basis. 
 
METHODS: International race walkers gave informed consent and the study was approved 
by the University’s ethics committee. Each athlete walked at race pace over two 900 mm X 
600 mm force plates (Kistler, Winterthur) recording at 1000 Hz. Timing gates were placed 4 
m apart to ensure they walked within 2% of the target speed. There was a 25 m approach 
along an indoor running track to the force plates and a further 25 m after. Athletes completed 
at least ten trials and the three closest to the target time were analysed provided the athlete 
did not alter their gait to contact the force plate. Following the completion of data analysis, 
athletes were split into three groups (two ‘legal’ and one ‘non-legal’): 1) knee extended at 
contact (175 - 185°) with the knee remaining extended until midstance; 2) knee extended at 
contact (175 - 185°) and hyperextented (>185°) at midstance; and 3) knee flexed at contact 
(<175°), remaining flexed and not reaching extension at any point. One athlete from each 
subgroup was chosen as a case study and are named after the group to which they belong 
(Athlete 1: female, 1.70 m, 58.5 kg; Athlete 2: male, 1.88 m, 73.9 kg; Athlete 3: male, 1.79 m, 
69.4 kg). 
Two-dimensional video data were collected at 100 Hz using a RedLake Motion Pro camera. 
The shutter speed was 1/500 s. The camera was placed 12 m from the line of walking. The 
video data were manually digitised by a single experienced operator using motion analysis 
software (SIMI, Munich). De Leva’s (1996) body segment parameter models were used to 
obtain data for the right thigh, right lower leg, and right foot. A cross-validated quintic spline 
was used to smooth the displacement calculations and a second-order, low-pass Butterworth 
filter used to filter the derivatives. The cut-off frequencies were based on residual analysis 
(Winter, 2005) and ranged from 8.6 – 12.2 Hz. The kinematic and force data were used to 
calculate net joint moments and powers at the knee during stance using a link segment rigid 
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The AREMG results for the biceps femoris, rectus femoris and vastus lateralis are shown in 
Figure 2 (upper, middle and lower panels, respectively) and have been qualitatively 
described in this paper. 

 

 

 
Figure 2 (upper, middle and lower panels): AREMG for the biceps femoris, rectus femoris and 
vastus lateralis during stance. 
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body model (Winter, 2005). A positive knee moment indicated a net extensor moment; a 
negative moment a flexor moment. Positive power values indicated concentric contraction 
and negative power values eccentric contraction. Muscle moments have been normalised 
using the product of body mass and stature; powers have been normalised using body mass. 
Surface EMG data were recorded of three muscles crossing the right knee (1000 Hz). The 
muscles were rectus femoris, vastus lateralis, and biceps femoris. Skin preparation included 
shaving and cleansing of the surface with swabs. Each electrode was placed over the belly 
of the muscle in the direction of the muscle fibres. The electrodes (Delsys, Boston) consisted 
of two silver bars 10 mm long, 1 mm wide, and 10 mm apart. One earth, common to all three 
electrodes, was placed on the spine. The gain was set at 1000 V/V. A Delsys Myomonitor 
telemetry unit was used to collect the data. Wires connecting the electrodes to the unit were 
held in place by elastic net bandages. Average rectified EMG (AREMG) was used to process 
the raw EMG, with a time window of 50 ms and overlap of 25 ms. EMG data were collected 
for 5 seconds and begun about 2 seconds before initial contact. The EMG data collection 
software was synchronised with the force plate software and the camera system. 
 
RESULTS AND DISCUSSION: The knee moments and powers for the athletes are shown in 
Figure (upper and lower panels, respectively). 

 

 
Figure 1: Knee net moments (upper panel) and knee net powers (lower panel) during right foot 
stance. 

body model (Winter, 2005). A positive knee moment indicated a net extensor moment; a 
negative moment a flexor moment. Positive power values indicated concentric contraction 
and negative power values eccentric contraction. Muscle moments have been normalised 
using the product of body mass and stature; powers have been normalised using body mass. 
Surface EMG data were recorded of three muscles crossing the right knee (1000 Hz). The 
muscles were rectus femoris, vastus lateralis, and biceps femoris. Skin preparation included 
shaving and cleansing of the surface with swabs. Each electrode was placed over the belly 
of the muscle in the direction of the muscle fibres. The electrodes (Delsys, Boston) consisted 
of two silver bars 10 mm long, 1 mm wide, and 10 mm apart. One earth, common to all three 
electrodes, was placed on the spine. The gain was set at 1000 V/V. A Delsys Myomonitor 
telemetry unit was used to collect the data. Wires connecting the electrodes to the unit were 
held in place by elastic net bandages. Average rectified EMG (AREMG) was used to process 
the raw EMG, with a time window of 50 ms and overlap of 25 ms. EMG data were collected 
for 5 seconds and begun about 2 seconds before initial contact. The EMG data collection 
software was synchronised with the force plate software and the camera system. 
 
RESULTS AND DISCUSSION: The knee moments and powers for the athletes are shown in 
Figure (upper and lower panels, respectively). 

 

 
Figure 1: Knee net moments (upper panel) and knee net powers (lower panel) during right foot 
stance. 

body model (Winter, 2005). A positive knee moment indicated a net extensor moment; a 
negative moment a flexor moment. Positive power values indicated concentric contraction 
and negative power values eccentric contraction. Muscle moments have been normalised 
using the product of body mass and stature; powers have been normalised using body mass. 
Surface EMG data were recorded of three muscles crossing the right knee (1000 Hz). The 
muscles were rectus femoris, vastus lateralis, and biceps femoris. Skin preparation included 
shaving and cleansing of the surface with swabs. Each electrode was placed over the belly 
of the muscle in the direction of the muscle fibres. The electrodes (Delsys, Boston) consisted 
of two silver bars 10 mm long, 1 mm wide, and 10 mm apart. One earth, common to all three 
electrodes, was placed on the spine. The gain was set at 1000 V/V. A Delsys Myomonitor 
telemetry unit was used to collect the data. Wires connecting the electrodes to the unit were 
held in place by elastic net bandages. Average rectified EMG (AREMG) was used to process 
the raw EMG, with a time window of 50 ms and overlap of 25 ms. EMG data were collected 
for 5 seconds and begun about 2 seconds before initial contact. The EMG data collection 
software was synchronised with the force plate software and the camera system. 
 
RESULTS AND DISCUSSION: The knee moments and powers for the athletes are shown in 
Figure (upper and lower panels, respectively). 

 

 
Figure 1: Knee net moments (upper panel) and knee net powers (lower panel) during right foot 
stance. 



509ISBS 2011 Porto, Portugal

Vilas-Boas, Machado, Kim, Veloso (eds.) 
Biomechanics in Sports 29

Portuguese Journal of Sport Sciences
11 (Suppl. 2), 2011

The AREMG results for the biceps femoris, rectus femoris and vastus lateralis are shown in 
Figure 2 (upper, middle and lower panels, respectively) and have been qualitatively 
described in this paper. 

 

 

 
Figure 2 (upper, middle and lower panels): AREMG for the biceps femoris, rectus femoris and 
vastus lateralis during stance. 

The AREMG results for the biceps femoris, rectus femoris and vastus lateralis are shown in 
Figure 2 (upper, middle and lower panels, respectively) and have been qualitatively 
described in this paper. 

 

 

 
Figure 2 (upper, middle and lower panels): AREMG for the biceps femoris, rectus femoris and 
vastus lateralis during stance. 

The AREMG results for the biceps femoris, rectus femoris and vastus lateralis are shown in 
Figure 2 (upper, middle and lower panels, respectively) and have been qualitatively 
described in this paper. 

 

 

 
Figure 2 (upper, middle and lower panels): AREMG for the biceps femoris, rectus femoris and 
vastus lateralis during stance. 

body model (Winter, 2005). A positive knee moment indicated a net extensor moment; a 
negative moment a flexor moment. Positive power values indicated concentric contraction 
and negative power values eccentric contraction. Muscle moments have been normalised 
using the product of body mass and stature; powers have been normalised using body mass. 
Surface EMG data were recorded of three muscles crossing the right knee (1000 Hz). The 
muscles were rectus femoris, vastus lateralis, and biceps femoris. Skin preparation included 
shaving and cleansing of the surface with swabs. Each electrode was placed over the belly 
of the muscle in the direction of the muscle fibres. The electrodes (Delsys, Boston) consisted 
of two silver bars 10 mm long, 1 mm wide, and 10 mm apart. One earth, common to all three 
electrodes, was placed on the spine. The gain was set at 1000 V/V. A Delsys Myomonitor 
telemetry unit was used to collect the data. Wires connecting the electrodes to the unit were 
held in place by elastic net bandages. Average rectified EMG (AREMG) was used to process 
the raw EMG, with a time window of 50 ms and overlap of 25 ms. EMG data were collected 
for 5 seconds and begun about 2 seconds before initial contact. The EMG data collection 
software was synchronised with the force plate software and the camera system. 
 
RESULTS AND DISCUSSION: The knee moments and powers for the athletes are shown in 
Figure (upper and lower panels, respectively). 

 

 
Figure 1: Knee net moments (upper panel) and knee net powers (lower panel) during right foot 
stance. 

body model (Winter, 2005). A positive knee moment indicated a net extensor moment; a 
negative moment a flexor moment. Positive power values indicated concentric contraction 
and negative power values eccentric contraction. Muscle moments have been normalised 
using the product of body mass and stature; powers have been normalised using body mass. 
Surface EMG data were recorded of three muscles crossing the right knee (1000 Hz). The 
muscles were rectus femoris, vastus lateralis, and biceps femoris. Skin preparation included 
shaving and cleansing of the surface with swabs. Each electrode was placed over the belly 
of the muscle in the direction of the muscle fibres. The electrodes (Delsys, Boston) consisted 
of two silver bars 10 mm long, 1 mm wide, and 10 mm apart. One earth, common to all three 
electrodes, was placed on the spine. The gain was set at 1000 V/V. A Delsys Myomonitor 
telemetry unit was used to collect the data. Wires connecting the electrodes to the unit were 
held in place by elastic net bandages. Average rectified EMG (AREMG) was used to process 
the raw EMG, with a time window of 50 ms and overlap of 25 ms. EMG data were collected 
for 5 seconds and begun about 2 seconds before initial contact. The EMG data collection 
software was synchronised with the force plate software and the camera system. 
 
RESULTS AND DISCUSSION: The knee moments and powers for the athletes are shown in 
Figure (upper and lower panels, respectively). 

 

 
Figure 1: Knee net moments (upper panel) and knee net powers (lower panel) during right foot 
stance. 

body model (Winter, 2005). A positive knee moment indicated a net extensor moment; a 
negative moment a flexor moment. Positive power values indicated concentric contraction 
and negative power values eccentric contraction. Muscle moments have been normalised 
using the product of body mass and stature; powers have been normalised using body mass. 
Surface EMG data were recorded of three muscles crossing the right knee (1000 Hz). The 
muscles were rectus femoris, vastus lateralis, and biceps femoris. Skin preparation included 
shaving and cleansing of the surface with swabs. Each electrode was placed over the belly 
of the muscle in the direction of the muscle fibres. The electrodes (Delsys, Boston) consisted 
of two silver bars 10 mm long, 1 mm wide, and 10 mm apart. One earth, common to all three 
electrodes, was placed on the spine. The gain was set at 1000 V/V. A Delsys Myomonitor 
telemetry unit was used to collect the data. Wires connecting the electrodes to the unit were 
held in place by elastic net bandages. Average rectified EMG (AREMG) was used to process 
the raw EMG, with a time window of 50 ms and overlap of 25 ms. EMG data were collected 
for 5 seconds and begun about 2 seconds before initial contact. The EMG data collection 
software was synchronised with the force plate software and the camera system. 
 
RESULTS AND DISCUSSION: The knee moments and powers for the athletes are shown in 
Figure (upper and lower panels, respectively). 

 

 
Figure 1: Knee net moments (upper panel) and knee net powers (lower panel) during right foot 
stance. 



510ISBS 2011 Porto, Portugal

Vilas-Boas, Machado, Kim, Veloso (eds.) 
Biomechanics in Sports 29

Portuguese Journal of Sport Sciences
11 (Suppl. 2), 2011

GROUND REACTION FORCES OF NATIONAL LEVEL RACE WALKERS 
 

Brian Hanley, Andi Drake and Athanassios Bissas 
 

Carnegie Research Institute, Leeds Metropolitan University, Leeds, UK  
 

The purpose of this study was to measure and analyse ground reaction force variables 
during race walking. Fourteen national level race walkers, eight men and six women, 
walked at race pace over two force plates recording at 1000 Hz. Men and women had 
comparable force trace patterns except for the magnitude of the weight-loading peak 
force. There were similarities with normal ground reaction force patterns, although the 
drop in vertical force at midstance and subsequent rise in vertical push-off force typical of 
normal walking were not observed. This was considered to be due to the straightened 
knee rule of race walking and the need to reduce vertical displacment and flight time. The 
medial forces were greater than those in normal walking and this may be related to the 
frontal plane motions of the pelvis. 
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INTRODUCTION: Typical ground reaction force (GRF) patterns in normal walking consist of 
a vertical component with two smooth peaks, the first corresponding to a weight-loading 
period after heel strike, and the second corresponding to a push-off phase ending with toe-off 
(Watkins, 2007). Both of these peaks normally have a magnitude above 1 bodyweight (BW); 
the short period during midstance between these peaks normally drops below 1 BW 
(Rodgers, 1993). The magnitudes of the weight-loading and push-off peaks is roughly equal 
(Whittle, 1996). In some cases, a short impact peak occurs within the first 0.05 s after heel 
strike and before the weight-loading peak (Watkins, 2007). The anterioposterior component 
also comprises of two main peaks roughly corresponding to the two main vertical peaks. The 
first occurs during weight loading and is associated with deceleration of the centre of mass; 
the second occurs during propulsion and causes acceleration of the centre of mass (Watkins, 
2007). The medio-lateral component, which is usually smaller than the anterioposterior 
component, acts medially during the single support phase, and laterally during double 
support. The single support phase begins just after heel-strike and ends just before toe-off 
(Whittle, 1996), when the double support phase begins with the contralateral heel-strike. 
Race walking is an abnormal form of gait where no visible loss of contact with the ground is 
permitted and the knee must be straightened from heel strike until the ‘vertical upright 
position’ (IAAF rule 230.1), which occurs when the centre of mass passes over the foot. The 
absence of knee flexion during early stance does not occur in normal walking (Inman et al., 
1981) and may therefore have an effect on GRF patterns. The speed at which race walkers 
walk may also result in GRF patterns quite different from those observed in normal walking. 
As well as understanding the overall typical race walking GRF patterns, it will be useful to 
distinguish between the results found for men and women as their different body shapes may 
contribute to slightly different GRF patterns. The purpose of this study was to measure and 
compare GRF variables between national level male and female race walkers. 
 
METHODS: Fourteen national level race walkers gave informed consent and the study was 
approved by the University’s ethics committee. The group of fourteen athletes was 
comprised of eight men (stature: 1.78 m (± .05); mass: 67 kg (± 9)) and six women (stature: 
1.71 m (± .05); mass: 59 kg (± 5)). Each athlete race walked over two 900 mm X 600 mm 
force plates (Kistler, Winterthur) at a pace that was equivalent to their season’s best for 10 
km (for the nine junior athletes) or 20 km (for the five senior athletes). There were no 
differences between junior and senior athletes for walking speed or any kinetic variable. 
Each participant wore their own competitive footwear and other clothing during testing. 
Timing gates were placed 4 m apart before and after the force plates to ensure the correct 
speed was attained (within 2% of the target speed). The athletes had a 25 m approach along 

 
In Figure 1, athletes 1 and 2 walked legally and had similar patterns for both moments and 
powers. An eccentric flexor moment occurred between heel strike and 10% of stance, 
followed by a concentric extensor moment between about 10% and 20%. In contrast, Athlete 
3 experienced a smaller net eccentric flexor moment for a longer period, until about 20% of 
total contact time. After 20% of stance, while Athletes 1 and 2 experienced a prolonged, 
mainly isometric flexor moment until about 60% of stance, Athlete 3 underwent an isometric 
extensor moment at the 20% point and did not experience a similar isometric flexor moment 
until after 35% of stance. Between 60% to 80% of stance a concentric flexor moment was 
observed as the knee flexed after midstance; an eccentric extensor contraction occurred 
after this point until toe-off. 
The eccentric flexor moment at the beginning of stance coincided with activation of the 
biceps femoris in both Athletes 2 and 3, but not Athlete 1 (Figure 2, upper panel). For Athlete 
1, a large period of activity was observed between 30 and 70% of stance, during hip 
extension. Some activity during this period was also noticeable in Athlete 2. The other 
biarticular muscle, rectus femoris, was found to have relatively small amounts of activation 
until the last 30% of stance when it was predominantly active as a hip flexor (Figure 2, middle 
panel). 
In Figure 2 (lower panel), vastus lateralis was predominately active during the first 50% of 
stance for Athlete 3 (who also showed evidence of rectus femoris activation at heel strike). 
This was presumably in an attempt to extend the knee but the initial activity of the hamstrings 
during the eccentric knee flexor moment may have resisted this motion. While this also 
occurred in the two legal walkers, their eccentric flexor moments were much shorter in 
duration (although larger in magnitude) and their knees were already extended at heel strike. 
Athlete 1 did also have a brief period of vastus lateralis activity to ensure knee extension, but 
Athlete 2, who hyperextended his knee beyond 185° at midstance, did not have noticeable 
vastus lateralis (or rectus femoris) activity and may have the joint laxity required to achieve 
knee extension without significant muscular activity. Race walkers’ knees do not flex and 
extend in the same manner as in normal walking or running; the isometric contraction from 
just after heel strike to after midstance results in the knee angle remaining relatively 
constant. This meant that Athletes 1 and 2 maintained a legal knee position while Athlete 3 
maintained a non-legal position instead. It is important therefore for race walkers to try to fully 
extend the knee prior to initial contact to comply with the rules of the event. 
 
CONCLUSION: The aim of this case study was to describe differences between race 
walkers with different knee kinematics during stance, and the results are therefore specific to 
those individuals and not necessarily generalisable to other race walkers. Two race walkers 
walking legally had different muscle moment and power patterns from an athlete whose 
technique was not legal. This athlete showed muscle activation of the vastus lateralis at heel 
strike which suggested an attempt was made to extend the knee. This athlete is advised that 
achieving legal race walking technique is determined by both muscular strength and joint 
laxity at the knee and requires training of both strength endurance and mobility development. 
Further studies on muscle moments, powers and EMG on larger samples of race walkers are 
warranted. 
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