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Abstract 17 

Background: Muscle co-ac�va�on, the simultaneous ac�va�on of muscle groups, is a common 18 
strategy to stabilize walking. However, co-ac�va�on can also be the consequence of underlying 19 
neurological impairments. This complicates differen�a�on between functional and 20 
pathological co-activation during walking. To beter understand and discern func�onal co-21 
ac�va�on during walking, this study inves�gated the difference between quadriceps-22 
hamstrings co-ac�va�on during the swing phase of walking and isolated leg-swinging in 23 
healthy adults. 24 

Methods: Twelve healthy young adults performed walking and isolated leg-swinging at slow 25 
(0.6 m/s) and comfortable speed. Electromyography signals from m. vastus lateralis, m. rectus 26 
femoris, m. biceps femoris, and m. semitendinosus were recorded. Co-activation index (CI) 27 
was calculated using Pearson correlation coefficient and area under the curve (AUC) and 28 
averaged to one quadriceps-hamstrings CI per metric. 29 

Results: The results showed a higher Pearson-CI during walking compared to isolated leg-30 
swinging, specifically during mid- and terminal-swing at both speeds. AUC-CI, but not Pearson-31 
CI was significantly different between the two speeds. 32 

Conclusion: Quadriceps-hamstrings co-ac�va�on towards the end of the swing phase during 33 
walking reflects prepara�on for heel-strike, which is not present in isolated leg-swinging. 34 
Therefore, an isolated leg-swinging task could serve as a feasible method to dis�nguish 35 
pathological from func�onal muscle co-ac�va�on during walking. 36 

 37 

1. Introduc�on 38 

Moving around in our daily lives requires refined muscle control to adapt to task and 39 
environmental constraints. A common func�onal adapta�on strategy is muscle co-ac�va�on, 40 
which, in this study, is defined as the simultaneous ac�va�on of antagonis�c muscle groups. 41 
While an agonist muscle generates force according to the demanded joint torque, the co-42 
ac�vated antagonist counteracts by producing force in the opposite direc�on, resul�ng in 43 
s�ffening of the joint (Latash, 2018). During able-bodied walking, muscle co-ac�va�on is 44 
adjusted to accommodate changes in walking speed (Akl et al., 2021), slope (Lay et al., 2007) 45 
and compliance of the surface (MacLellan & Patla, 2006). Furthermore, co-ac�va�on during 46 
walking increases with age (Lee et al., 2017; Piche et al., 2022) and following neuromuscular 47 
impairments (Mohammadyari Gharehbolagh et al., 2023; Rosa, Marques, Demain, & Metcalf, 48 
2014). In pa�ent popula�ons, instead of an adap�ve strategy, muscle co-ac�va�on can also be 49 
the direct effect of motor control deficits (Busse et al., 2006; Hortobágyi & Devita, 2006). 50 
Problema�cally, studies of muscle co-activation during walking alone cannot distinguish 51 
between these different sources of co-activation, limiting our interpretation and 52 
understanding. 53 
 54 
To gain a comprehensive understanding of muscle co-activation during normal and 55 
pathological walking, the focus could be directed to the swing phase of walking. From a 56 
tradi�onal perspec�ve, it is described that the swinging leg behaves like a pendulum (Mochon 57 
& McMahon, 1980). As the swinging leg moves forward, it requires only minimal muscle 58 
ac�va�on to gradually convert the swinging leg's poten�al energy into kine�c energy (Kuo & 59 
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Donelan, 2010). In this view, ac�va�on of hip flexors (i.e., m. iliopsoas and m. rectus femoris) 60 
accelerates the leg into swing and towards the end, the leg is decelerated by ac�va�on of the 61 
hamstring muscles (Uchida & Delp, 2020). However, push-off requires quadriceps ac�va�on to 62 
stabilize the knee, while, at the same �me, the hamstrings are ac�ve to flex the knee into swing 63 
and clear the toe from the ground (Goldberg et al., 2004; Sadeghi et al. 2002). In addi�on, 64 
towards the end of swing, ac�va�on of the hamstrings can be accompanied by ac�va�on of 65 
the antagonis�c quadriceps to s�ffen the knee joint as a mechanism for shock absorp�on at 66 
heel-strike (Strazza et al., 2017). Thus, the minimal muscle activation required to swing the leg 67 
forward co-occurs with muscle ac�va�on to meet the task constraints, in terms of stabiliza�on 68 
and ground clearance, of walking.  69 

An isolated leg-swinging task (‘leg-swinging’) that replicates the swing phase of walking, could 70 
be used as a model to differentiate between pathological and functional co-activation during 71 
walking in people with motor impairments. In this study, we test this model in able-bodied 72 
individuals. The main objec�ve is to inves�gate whether quadriceps-hamstrings co-ac�va�on 73 
is higher during walking compared to isolated leg-swinging. Co-activation during the swing 74 
phase of walking is influenced by the functional constraints of push-off and heel-strike whilst 75 
isolated leg-swinging requires selective and independent activation of quadriceps and 76 
hamstrings. Therefore, we hypothesize that the co-activation during the swing phase of 77 
walking will be higher compared to isolated leg-swinging. The second objec�ve is to assess in 78 
which part of the swing phase these differences would become evident. We hypothesize that 79 
towards the end of the swing phase of walking, co-activation will be the highest as muscle 80 
ac�va�on is generated to prepare the leg for weight acceptance. Furthermore, we anticipate 81 
that co-ac�va�on during walking is dependent on speed, and pathological popula�ons walk at 82 
slower speeds than able-bodied individuals. Therefore, the third aim is to inves�gate the effect 83 
of speed on the differences in quadriceps-hamstrings co-ac�va�on in the swing movement of 84 
walking and a leg-swinging movement. 85 

 86 

2. Methods 87 

2.1 Participants 88 

Twelve healthy young adults (7 males, 5 females, age: 22.3 ±1.8 years, body height: 1.77 ±0.08 89 
m, body weight: 72.7 ±10 kg, dominant leg: 1/11 (L/R), leg length: 0.97 ±0.04 m) volunteered 90 
to participate in this study. The inclusion criterion was age between 18 and 25 years. Exclusion 91 
criteria were (1) inability to understand the study instruction in Dutch, (2) indications of 92 
orthopedic, neurological, cardiorespiratory, and behavioral that may affect walking, and (3) 93 
contra-indications for physical activity assessed by the Physical Activity Readiness 94 
Questionnaire (PARQ). The study procedures were approved by the medical ethical committee 95 
of the University Medical Center Groningen (NL83016.042.22) and in line with the Declaration 96 
of Helsinki (World Medical Association, 2013). Participants signed written informed consent 97 
before participation. 98 

2.2 Experimental protocol  99 

Participants visited the lab on a single occasion. Before the experimental trials, height, weight, 100 
and leg length were measured and participants were asked to indicate their sex and age. The 101 
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study protocol consisted of four experimental conditions, two walk conditions, and two swing 102 
conditions (Fig. 1) at slow walking speed (SWS) and comfortable walking speed (CWS). Slow 103 
walking speed at 0.6 m/s normalized to leg length (Hof, 1996) was imposed to replicate a 104 
pathological walking speed. 105 

Participants walked on the treadmill in a six-minute familiarization trial during which their 106 
CWS was established. Participants were asked to indicate their CWS while the experimenter 107 
increased the belt speed gradually. The belt speed was then set to 0.3 m/s above the indicated 108 
CWS while the experimenter gradually decreased the belt speed, participants were again 109 
asked to indicate their CWS. The CWS used in the experiment was the highest indicated speed 110 
in the two trials. 111 

In the walking conditions participants were asked to walk for four minutes on the treadmill. 112 
Participants were not allowed to touch the handrails and were fitted with a safety harness to 113 
prevent falls, without providing support. During the last minute of the walking condition, the 114 
mean swing frequency was calculated from the mean time from toe-off to heel-strike, and the 115 
corresponding mean swing distance was calculated. In the subsequent swing conditions 116 
participants had to swing their dominant leg at the calculated swing frequency indicated by a 117 
metronome. Visual feedback on the swing distance was provided by a projection on the screen 118 
in front of the treadmill. 119 

The swing condition consisted of four 50-second swing periods with 10-second rest periods in 120 
between to prevent fatigue. Participants stood in an upright stance position and were allowed 121 
to lean slightly to the side for clearance. Participants were instructed to swing their leg without 122 
touching the treadmill surface while keeping the metronome pace. They were allowed to rest 123 
their arm, contralateral to the swinging leg, on the handrail that was adjusted to their elbow 124 
height. Participants wore a safety harness during all conditions and received a rest period of 125 
minimum three minutes in between experimental conditions. The sequence of the two paired 126 
experimental conditions (SWS walking – SWS leg-swinging and CWS walking – CWS leg 127 
swinging) was randomized between participants. 128 

 129 
Fig 1. Illustra�on of the experimental set-up. In the swing condi�on, visual feedback on the amplitude of the swing was 130 
provided by a screen in front of the treadmill. During both condi�ons, electromyography signals of quadriceps and hamstrings, 131 
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kinema�c and kine�c data were recorded. Mo�on capture cameras and passive markers on trochanter major and lateral 132 
malleolus are not included in the figure. 133 

2.3 Instrumentation & data collection  134 

Electromyography (EMG) data were recorded using surface electrodes (Delsys 16-channel 135 
sEMG system, Natick, MA, USA) at a sampling frequency of 2148 Hz. Electrodes were placed 136 
on four lower extremity muscles of the dominant leg (hamstrings: m. biceps femoris (BF), m. 137 
semitendinosus (ST); quadriceps: m. rectus femoris (RF), m. vastus lateralis (VL)). After the skin 138 
surface was shaved and cleaned with alcohol, the electrodes were placed according to the 139 
SENIAM conventions (Hermens et al., 1999). A three-dimensional motion capture system (10 140 
cameras; Vicon Motion Systems Ltd, Yarnton, UK) recorded the trajectory of the ankle lateral 141 
malleolus and femur trochanter major of the dominant leg at a sampling frequency of 100 Hz. 142 
Three-dimensional ground reaction force (GRF, N), Center of pressure (COP, m), and three-143 
dimensional moment (Nm) were measured with two force plates embedded in the treadmill 144 
(Motek Medical, Amsterdam, the Netherlands) at a sampling frequency of 1000 Hz. EMG, 145 
kinematic, and kinetic data were time-synchronized through a software trigger.  146 

2.4 Data analysis  147 

All data and statistical analyses were performed in MATLAB (version 2023b; The MathWorks 148 
Inc. Natick, MA, USA). The raw EMG signals were bandpass filtered with a 2nd order 149 
Butterworth filter (20-500 Hz) (Hermens et al., 1999) and full wave rectified. The signals were 150 
visually checked for artifacts. EMG amplitude normalization was done with respect to peak 151 
amplitude over all conditions (Besomi et al., 2020). After normalization, the first and last five 152 
seconds of each signal were removed, to exclude co-activation during initiation or and ending 153 
of walking and leg-swinging.  154 

The COP data were high-pass filtered (5 Hz, 2nd order Butterworth filter) and low-pass filtered 155 
(10 Hz, 2nd order Butterworth filter) (Roerdink et al., 2008). The first and last five seconds of 156 
the COP signal were removed. The peaks in the anterior-posterior COP signal were used to 157 
detect foot contact events. The swing phase in the walking condition was defined as toe-off 158 
(TO) to heel-strike (HS) of the dominant leg. EMG data in the walking conditions were 159 
resampled from TO to ipsilateral HS on a 100-point time base. 160 

For each of the four swing instances during walking and leg-swinging, the first and last five 161 
seconds were removed. The swing phase was defined as the maximal posterior position of the 162 
ankle to its maximal anterior position. Within this interval, EMG data were resampled for each 163 
swing instance on a 100-point time base. The four resampled EMG signals were averaged to 164 
one single swing EMG signal for each muscle. 165 

A co-activation index (CI) was calculated for the quadriceps-hamstrings pairs (RF-BF, RF-ST, 166 
VL-BF and VL-ST) using Pearson correlation coefficient (Pearson-CI) (Field, 2016) and area 167 
under the curve (AUC; Eq. 1). The four quadriceps-hamstrings Pearson-CIs and AUC- CIs were 168 
averaged to one QD-HS Pearson-CI and one QD-HS AUC-CI for each time interval of interest in 169 
each condition. Positive Pearson-CI indicated co-activation, while negative Pearson-CI 170 
indicated no co-activation, i.e. the two muscles oppose each other in activation (Fig. 2). 171 

 ∑ (min (𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 1(𝑖𝑖),𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 2(𝑖𝑖))
max�𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 1(𝑖𝑖),𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 2(𝑖𝑖)� 

𝑒𝑒𝑒𝑒𝑒𝑒
𝑖𝑖 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) ∗ 100 %

 # 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 
          (1) 172 
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 173 

Fig. 2. Example of Pearson and area under the curve (AUC) co-ac�va�on indices (CI). Note that muscle ac�va�on and indices 174 
in the figure serve as examples and do not represent real data. 175 

2.5 Statistical analysis  176 

To assess whether swing time during leg-swinging matched swing time during walking we 177 
performed two paired t-tests to compare swing time between walking and leg-swinging for 178 
SWS and CWS separately. 179 

Differences in co-activation of QD-HS between the walking and leg-swinging conditions were 180 
tested using two (Pearson-CI, AUC-CI) two-way (2*2) repeated measures ANOVAs with 181 
condition and speed as within-subjects factors. In case of violation of sphericity, Greenhouse 182 
Geiser corrected p-values were interpreted. Significant interaction effects were evaluated 183 
with Bonferroni post hoc corrections. Eta-squared (η2) was reported and interpreted as 0.01 184 
small effect size, 0.06 medium effect size 0.14 large effect size (Adams & Conway, 2014). 185 

To investigate in which part of the swing phase differences in co-ac�va�on between walking 186 
and leg-swinging occurred, we first calculated a moving average of Pearson-CI and AUC-CI, 187 
using time bins each representing 25% of the swing phase. Then, four Statistical Parametric 188 
Mapping (SPM) paired t-tests (for each condition and each speed) were performed on the 189 
moving average signals. SPM is a technique that allows for the statistical analysis of temporal 190 
signals (Pataky et al., 2016). Statistical significance was set at p < 0.05 for all tests. 191 

 192 

3. Results 193 

The mean comfortable walking speed was 1.21 ±0.17 m/s and slow walking speed was fixed at 194 
0.6 m/s normalized to leg length. SWS walking swing �me (0.46 ±0.09 s) was not significantly 195 
different from SWS leg-swinging swing time (0.52 ±0.06 s, t(1,11)=-1.821, p=0.096). 196 
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Furthermore, CWS walking swing time (0.39 ±0.02 s) was not significantly different from CWS 197 
leg-swinging swing �me (0.41 ±0.04 s, t(1,11)=-1.556, p=0.148). 198 

 199 
Fig. 3. Time normalized group-averaged muscle ac�vity. Shaded areas around the mean represent the standard error of the 200 
mean. 201 

3.1 Quadriceps-hamstrings co-ac�va�on during the full swing phase 202 

Quadriceps and hamstrings muscle ac�va�on differed between condi�on and speed (Fig. 3). 203 
Co-ac�va�on was significantly higher in the swing phase of walking compared to isolated leg-204 
swinging for Pearson-CI (Fig. 4; F(1,11)=62.131, p<0. 001, η2=0.642), but not AUC-CI 205 
(F(1,11)=6.235, p=0.0297, η2=0.035). The main effect of speed was significant for AUC-CI 206 
(F(1,11)=31.296, p<0.001, η2=0.252), but not Pearson-CI (F(1,11)=2.450, p=0.146, η2=0.012). 207 
Finally, no significant condi�on*speed interac�ons were found for Pearson-CI (F(1,11)=0.868, 208 
p=0.371, η2=0.004) or AUC-CI (F(1,11)=2.215, p=0.164, η2=0.016). 209 
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 210 
Fig. 4. Pearson and area under the curve AUC co-ac�va�on indices (CI) for slow walking speed (SWS; diamond-paterned 211 
boxes) and comfortable walking speed (CWS; solid boxes). * Indicates significant main effect for condi�on, † indicates 212 
significant main effect for speed. 213 

3.2 Differences in quadriceps-hamstrings co-activation throughout the swing phase 214 

SPM (Fig. 5) showed significantly higher Pearson-CI in SWS walking than SWS leg-swinging for 215 
windows 69-81 (t(1,11)=3.380, p<0.001). Furthermore, Pearson-CI was significantly higher in 216 
CWS walking than CWS leg-swinging for windows 52-57, windows 59-60, and windows 55-74 217 
(t(1,11)=3.454, p=0.015, p=0.048, p<0.001 respec�vely). Finally, AUC-CI was significantly 218 
higher during CWS walking than CWS leg-swinging for windows 85-87 (t(1,11)=2.974, 219 
p=0.048).  220 
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 221 
Fig. 5. SPM results showing group averaged Pearson and area under the curve (AUC) co-ac�va�on indices (CI) for each window 222 
represen�ng 25% of the swing condi�on. Shaded areas around the mean represent the standard error of the mean. The lower-223 
right panel indicates how three windows represent percentages of the original swing phase. 224 

 225 

4. Discussion 226 

This study aimed to inves�gate whether quadriceps-hamstrings co-ac�va�on is higher during 227 
walking compared to isolated leg-swinging. The results showed higher Pearson-CI during 228 
walking compared to leg-swinging but no differences in AUC-CI. Specifically, Pearson-CI was 229 
higher during walking than isolated leg-swinging in mid- and terminal-swing. Furthermore, the 230 
results showed no effect of speed on Pearson-CI but did show an effect of speed on AUC-CI. 231 
These results indicate that quadriceps-hamstrings co-ac�va�on is related to the task 232 
constraints of walking and therefore higher compared to isolated leg-swinging. This is in line 233 
with previous studies, which demonstrated the func�onal co-ac�va�on of quadriceps and 234 
hamstrings during abled-bodied walking based on the full walking cycle (Akl et al., 2021; 235 
Mengarelli et al., 2018; Strazza et al., 2017). 236 

Our results indicate that quadriceps-hamstrings co-ac�va�on is not different between walking 237 
and leg-swinging during the ini�al part of the swing phase, but that differences occur during 238 
mid and terminal swing. In the swing phase of walking, the m. rectus femoris (and m. iliopsoas) 239 
accelerate the leg forward (Uchida & Delp, 2020). Following mid-swing, the eccentric 240 
contrac�on of the hamstrings absorbs the kine�c energy of the forward moving leg, slowing 241 
down its forward movement (Ivanenko et al., 2004; Neptune et al., 2009). The quadriceps 242 
remain ac�vated and quadriceps-hamstrings co-ac�va�on stabilize the knee joint in 243 
prepara�on for weight acceptance (Strazza et al., 2017; Neptune et al., 2009). This rather 244 
efficient strategy in able-bodied walking, which is reflected by co-ac�va�on, applies to a lesser 245 
extent to neurological popula�ons, in which muscle co-ac�va�on during walking is shown to 246 
be more pronounced due to underlying neurological impairments, resul�ng in a loss of 247 
independent joint control (Mari et al., 2014; Mohammadyari Gharehbolagh et al., 2023; Rosa, 248 
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Marques, Demain, & Metcalf, 2014). In these clinical popula�ons, co-ac�va�on during the leg-249 
swinging task would indicate co-ac�va�on inherent to their underlying neuropathy rather than 250 
a strategy to meet the task constraints. Able-bodied individuals can selec�vely control their 251 
hamstrings and quadriceps muscles. However, our results show that this cannot be inferred 252 
from muscle ac�va�on during the swing phase of walking alone. The current isolated leg-253 
swinging approach allows to dis�nguish muscle co-ac�va�on caused by underlying 254 
neurological impairments from task-related muscle co-ac�va�on during walking. Moreover, 255 
when able-bodied young adults were asked to swing their leg at speeds similar to pathological 256 
walking speeds, they did not exhibit differences in co-ac�va�on. As such, the leg-swinging task 257 
could be used to assess co-ac�va�on due to muscle coordina�on deficits during walking in 258 
clinical popula�ons in future research. 259 

The current results show no significant condi�on*speed interac�ons, which indicates that, 260 
although the co-ac�va�on �ming was different, the phasing of the co-ac�va�on between 261 
condi�ons is comparable. Several studies have shown consistencies in muscle ac�va�on 262 
phasing during walking across different walking speeds (Buurke et al., 2016; Den Oter et al., 263 
2004; Kibushi et al., 2018). In the current study, AUC-CI was different between SWS and CWS. 264 
An explana�on for this finding can be the ongoing diminished muscle ac�va�on during SWS 265 
condi�ons compared to CWS condi�ons, i.e. as an effect of speed EMG amplitude is lower at 266 
slower walking speeds (Den Oter et al., 2004). As such, the maximum amplitude is lower in 267 
SWS than in CWS, which may inflate the AUC-CI.  268 

The dispari�es between Pearson-CI and AUC-CI demonstrate that whether muscles are 269 
classified to be co-ac�vated or not is highly dependent on the methodological decision for the 270 
co-ac�va�on metric. Pearson-CI indicates whether the magnitude of the ac�va�on of a muscle 271 
is associated with the change in the magnitude of the ac�va�on of another muscle. This 272 
associa�on is either in the same direc�on (posi�ve CI: co-ac�va�on) or in the opposite 273 
direc�on (nega�ve CI: no co-ac�va�on) (Schober & Schwarte, 2018). This metric is robust 274 
against any amplitude normaliza�on method, but unlike other methods (Rosa, et al., 2014; 275 
Souissi et al., 2017) does not take the �ming and magnitude of the co-ac�va�on into account. 276 
One could argue that two muscles co-ac�vated in the same direc�on but with only a small 277 
magnitude of short-to-modest dura�on only contribute to a small part of the total force 278 
produc�on (Staudenmann et al., 2010). To indicate the rela�ve magnitude of the co-ac�va�on, 279 
we expressed co-ac�va�on in an addi�onal AUC-CI. However, as men�oned before, AUC may 280 
become inflated in instances in which both muscles are of rela�vely low amplitude. Currently, 281 
the use of the co-ac�va�on metric lacks consensus and the results of this study further 282 
emphasize a clear and cau�ous defini�on of the co-ac�va�on metric in future studies.  283 

A methodological considera�on was the use of averaged quadriceps co-ac�va�on from four 284 
dis�nct individual QD-HS muscle pairs. m. biceps femoris, m. semitendinosus, and m. rectus 285 
femoris are bi-ar�cular muscles and act on the knee and hip joint, while the m. vastus lateralis 286 
only spans the knee joint. This approach could poten�ally oversimplify the complexi�es of 287 
upper limb muscle ac�va�on during swing. However, this considera�on increases this study’s 288 
sta�s�cal power as the focus was the difference in general quadriceps-hamstrings muscle co-289 
ac�va�on during walking and isolated leg-swinging.  290 

It can be concluded that quadriceps-hamstrings co-ac�va�on towards the end of the swing 291 
phase of walking reflects simultaneous decelera�on of the leg and joint-s�ffening in 292 
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prepara�on for heel-strike, because this co-ac�va�on is not presented in isolated leg-swing. 293 
The leg-swinging task presented here could serve as a feasible method to dis�nguish 294 
pathological muscle co-ac�va�on from task-related muscle co-ac�va�on during walking in the 295 
future. The degree of co-ac�va�on is greatly influenced by the methodological considera�ons 296 
for the co-ac�va�on metric, which emphasizes the need for cau�on when interpre�ng co-297 
ac�va�on indices and the need for consensus the defini�on and interpreta�on of co-ac�va�on 298 
metrics. 299 
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