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The effect of increasing trunk flexion during normal 

walking 

Abstract 

Background: The head, arms and trunk segment constitute a large proportion of the body’s mass. 

Therefore, small alterations in trunk inclination may affect lower limb joint moments and muscle 

activation patterns. Although previous research has investigated the effect of changing frontal plane 

inclination of the trunk, it is not clear how increasing trunk flexion will impact on the activation of 

the lower limb muscles.  

Research question: What is the effect of independently manipulating trunk flexion angle on lower 

limb kinematics, moments and muscle function? 

Methods: Gait analysis was carried out on 20 healthy people under four trunk flexion conditions: 

normal walking (NW), NW-5°, NW+5° and NW+10°. For the latter three conditions, a biofeedback 

approach was used to tightly control trunk flexion angle. A linear mixed model was used to 

investigate the effect of changing trunk flexion on joint angles, moments, and knee muscle 

activation.  

Results: There were clear increases in hip and ankle moments as trunk flexion was increased, but no 

change in knee moments. The results also showed a linear increase in knee flexor muscle activity and 

a corresponding increase in co-contraction as trunk flexion increased. Interestingly, there was a 

dramatic change in the profile of hamstring activity. In the medial hamstrings, this change led to a 

100% increase in activation during early stance as flexion was increased by 5° from NW. 

Significance: This is the first study to demonstrate a strong dependence of knee flexor muscle 

activity on trunk flexion. This is important as people with knee osteoarthritis have been observed to 
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walk with elevated muscle activation and this has been linked to increased joint loads. It is possible 

that these altered muscle patterns may result from increased trunk flexion during walking. 
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Introduction  

Taken together, the head, arms and trunk segments constitute a considerable proportion of 

the body’s mass, with cadaver studies suggesting this could be up to 65% [1]. Thus, small deviations 

in the position and orientation of the trunk segment have the potential to impact on the horizontal 

projection of the centre of mass. Understanding trunk control is therefore of critical importance 

from both a clinical and biomechanical standpoint as it will impact on balance [2], has been 

associated with functional impairment in older people [3] and may influence joint moments [4, 5] 

and muscle function [5, 6]. 

People with knee osteoarthritis are known to walk with elevated co-contraction. These 

altered muscle patterns are characterised by increased hamstrings [7, 8] quadriceps [9, 10] and 

gastrocnemius [11, 12] activity during the stance phase of gait. Modelling studies have 

demonstrated a clear peak in joint loading during early stance [13] and also shown that elevated 

muscle activity, during this period, will increase contact force [13, 14]. Other related research has 

shown that elevated muscle activity during the early stance period will accelerate cartilage loss [15] 

and increase the likelihood of progression to knee arthroplasty [16]. It is therefore critical to 

understand the mechanisms which underlie elevated muscle activity, in people with knee 

osteoarthritis, during early stance. 

In a recent study, we observed that people with knee osteoarthritis walk with increased 

trunk flexion, compared to healthy control subjects [17]. Increased trunk flexion is likely to shift the 

centre of mass anteriorly and therefore has the potential to alter the position and direction of the 

ground reaction force relative to lower limb joint centres [18]. Such biomechanical changes may 

alter joint moments and muscle function and may therefore underlie, to some degree, elevated 

muscle activity in people with knee osteoarthritis. To gain further insight into this mechanism, it is 

critical that we develop an in-depth understanding of the relationships between trunk flexion angle 

and joint moments/muscle activation. Identifying how changes in trunk flexion could impact muscle 
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function may lead to new targets for interventions which could improve clinical outcomes for people 

with knee osteoarthritis.  

Previous researchers have sought to understand the biomechanical effect of manipulating 

sagittal trunk angle during walking [18, 19]. However, these studies have typically investigated large 

changes in trunk angle which are not representative of normal variability across human walking. For 

example, Saha et al. [18] instructed healthy participants to increase trunk flexion by 25° and 50°, 

observing a phase lag in the position of the hip joint and a change in the vertical ground reaction 

force. In another study Kluger et al. [19] studied the effects of large (25-50°) changes in upper body 

inclination, observing a decrease in the ankle plantarflexor moment and an increased the hip 

extensor moment as trunk flexion was increased. Although a useful first step, these studies do not 

provide insight into the effects of small changes in trunk flexion, (up to 10°) which might be more 

typical of the variability observed during normal human walking [4, 20].  

To date, only one study has attempted to quantify the effect of increasing trunk flexion on 

muscle activation [6]. However, this study was carried out with a small number of participants (n=5) 

and investigated the effect of simultaneously increasing trunk and knee flexion during walking. 

Although this study showed distinct changes in muscle activation when both trunk and knee flexion 

were increased, it does not provide insight into the effect of independently manipulating trunk 

flexion angle. Given the limitations of previous research, this study sought to investigate the 

biomechanical effect of independently manipulating trunk flexion during normal walking. 

Specifically, we sought to understand the impact on lower limb kinematics, joint moments, knee 

muscle activation patterns and co-contraction.  
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Methods 

A total of 20 young healthy people (11 male) participated in this study. Subjects were 

excluded if they had experienced lower limb pain or back pain within the last 6 months or had been 

diagnosed with any neurological disease. The mean (SD) age of the participants was 26 (7) years old, 

mass 66.1 (8.0) kg, height 1.70 (0.07) m and BMI 22.2 (2.5) kg/m2. Ethical approval was obtained 

from the ethics committee at the University of Salford and all subjects provided written informed 

consent to participate in the study. 

In order to investigate the effect of independently manipulating trunk flexion we performed 

a biomechanical walking assessment, for each participant, at four separate trunk flexion angles. For 

this assessment, kinematic and kinetic data were collected using an Oqus camera system (Qualisys, 

Sweden) (100Hz) with two AMTI force plate (1500Hz) embedded in the walkway. Reflective markers, 

attached the skin, were used to track motions of the pelvis and trunk, along with the thigh, shank 

and foot of one lower limb which was selected at random. Following the protocol suggested by 

Armand et al. [21] for tracking the thorax (trunk), a trunk segment was defined using markers placed 

on the greater trochanters and acromions. This segment was tracked using markers placed on the 

jugular notch and on the second and eighth thoracic vertebrae, a marker configuration which should 

not be influenced by arm motions during gait [21]. Preliminary testing, on five participants, showed a 

standard error of measurement of 0.9° from test-retest data collected during two test sessions, 

separated by one week. Further details of the kinematic model are reported in [5] and in the 

supplementary materials.  

Surface electromyography (EMG) data were collected from the same limb selected for the 

kinematic/kinetic data. These data were obtained for the following muscles using a Noraxon DTS 

system (1500Hz): vastus lateralis (VL), vastus medialis (VM), biceps femoris (BF), semitendinosus 

(ST), medial gastrocnemius (MG) and lateral gastrocnemius (LG). All electrodes were placed 

according to SENIAM guidelines [22] following skin preparation with an abrasive gel and alcohol 
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wipe. Following electrode positioning, subjects were instructed to walk barefoot at a self-selected 

speed along a 6-metre walkway. A minimum of five successful walking trials were recorded for each 

participant, for which walking speed (measured using optical timing gates) was consistent (within a 

5% tolerance) and full contact with the force platform was made. 

Data from these normal walking trials were then processed to obtain a kinematic trajectory 

for trunk flexion angle relative to the laboratory frame. This processing involved low pass filtering of 

raw marker and force data at 12Hz and 25Hz respectively and the use of a six degree of freedom 

model, implemented using the Visual 3D software (C-Motion, Rockville, Maryland), to calculate the 

kinematic trajectory. Gait events were calculated by applying a 20N threshold to the vertical ground 

reaction force data and used to time normalise the trunk flexion data to a full gait cycle.  An 

ensemble average for trunk flexion was then calculated for all walking trials and the mean (across 

the gait cycle) used as that participant’s trunk flexion angle during normal walking (NW). This was 

taken as the baseline condition. 

 

In order to manipulate trunk flexion, it was necessary to instruct participants to consciously 

change their habitual trunk flexion angle during walking. To facilitate this, participants were guided 

through a two-stage process, first in standing and then in walking. During the first phase, 

participants developed a kinaesthetic awareness in standing of a 5° and 10° increase in trunk 

inclination (forward lean) and a 5° decrease in trunk inclination (backwards lean). To facilitate this 

change in body alignment, participants were instructed to move their hip backwards/forwards in 

order to change upper body position. Pilot testing showed this instruction to be the most effective 

method of changing trunk flexion but minimising associated changes in knee angle or spinal 

alignment in standing. This phase of the training was implemented using a real-time feedback 

programme, deployed in MATLAB (The MathWorks), which visualised trunk inclination on a screen, 

indicating the target angles.  
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Once participants could repeatably reproduce the target angle (trunk flexion) in standing 

without the need for visual feedback, walking trials at the three predetermined trunk flexion angles 

were carried out. These three conditions were: NW-5°, NW+5° and NW+10°. The order of these 

conditions was selected at random and, for each condition, a minimum of 5 successful trials 

collected. A trial was considered successful if it was within 5% of the normal walking speed, 

appropriate contact was made with the force platform and if the mean (across the gait cycle) was 

within 2° of the target trunk angle. After each trial, the Visual 3D software was used to calculate 

trunk angle and verbal feedback provided to enable participants to adjust trunk angle as 

appropriate.  

Following the walking trials, reference data from a maximum voluntary isometric contraction 

(MVIC) were collected for each muscle group. These data were collected following the protocol 

suggested by Rutherford et al. [23] and which is described in an earlier publication [24] and in the 

supplementary materials. Three separate tests, of 5 seconds duration, were recorded for each of the 

three muscle groups with a 60 second rest between contractions. To process the MVIC data, a high 

pass filter (20Hz) was applied after which each signal was rectified and a linear envelop (6Hz) 

created. A 0.1s moving window algorithm [9] was then applied to the linear envelope after which a 

maximum value was identified for each trial. The dynamic EMG was processed in a similar way, with 

high pass filtering (20Hz), followed by rectification and creation of a linear envelope (6Hz). Dynamic 

EMG data was time normalised to stance phase and an ensemble average created for each muscle at 

each of the four different trunk flexion conditions. These data were then normalised by the MVIC 

reference value which was selected as the maximum from the three MVIC tests. 

In addition to the normalised muscle activation profiles for the six individual muscles, four 

co-contraction activation profiles were derived. The first two profiles were obtained by summing 

medial/lateral hamstring and quadriceps activity and the second two profiles obtained by summing 

medial/lateral gastrocnemius and quadriceps activity. Previous authors have advocated using a 

specific co-contraction ratio [25]. However, we chose to sum medial knee flexor and knee extensor 
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activity as modelling studies [26] have shown that this approach is more closely related to joint 

contact forces than the co-contraction ratio. Following EMG processing, kinematic trajectories for 

the hip, knee and ankle, along with lower limb moments were derived using the Visual 3D software 

using the modelling approached reported in [24] and described in the supplementary materials. All 

moment data were normalised by participant’s body mass. 

One of the primary motivators for this study was to gain insight into the potential 

relationship between trunk flexion and knee joint loads. Modelling studies of knee contact loads [13] 

have identified a point of peak load during initial stance at approximately 13% of the gait cycle, 

equivalent to 20% of stance phase. We therefore chose to focus on a window of 15-25% stance 

phase for kinematic/kinetic data. In order to define a corresponding window to characterise the 

EMG activity, this window was adjusted backwards by 5% of stance (approximately 30ms) to account 

for electromechanical delay. For the final dataset, kinematic/moment data were averaged across the 

window 15-25% of stance (Figure 1) and EMG/co-contraction data averaged across the window 10-

20% of stance (Figures 2-4). This provided a single outcome variable for each participant at each of 

the trunk flexion conditions for every kinematic, moment and EMG/co-contraction signal. 

 

A linear mixed effects analysis of the relationship between the outcome variable and trunk 

angle was performed using R (R Core Team (2017)) and the lme4 package [27]. Trunk angle was 

defined as a fixed effect, with random intercepts for each subject and by-subject random slopes for 

the effect of the outcome variable. No deviations from homoscedasticity or normality were seen in 

the residual plots, and p-values were obtained by likelihood ratio tests of two models, one with and 

one without the fixed effect of interest. By comparing two models, it was possible to establish 

whether there was a clear linear effect of trunk angle on the outcome variable of interest. 
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Results 

Using the two-staged biofeedback protocol, trunk angle was tightly constrained across the 

four different conditions (Figure 1) as demonstrated by the small standard deviations (2.2-2.5°) in 

trunk angle across the cohort (Table 1). Although manipulating trunk flexion angle had a clear and 

significant effect on hip and knee angle (p<0.001), it appeared to have minimal effect on ankle angle 

over the period of interest (Table 1). A linear relationship between trunk angle and hip moment was 

observed, with an increase of 0.03 Nm/Kg for every 1° increase in trunk angle across the region of 

interest (Table 1). This led to an increase in the hip moment of 73% (from 23 to 49 Nm/kg) when 

trunk angle was increased by 5° from normal walking, an effect which appeared to be consistent 

across most of stance phase (Figure 1). Although trunk angle appeared to have minimal effect on the 

knee moment, there was a pronounced effect on ankle moment across early-mid stance (Figure 1). 

Again, ankle moment was observed to have a significant linear relationship (p<0.001) with trunk 

angle across the region of interest (Table 1). 

When trunk flexion angle was increased there was a dramatic rise in the activation of both 

semitendinosus and biceps femoris across early-mid stance (Figure 2). The activation of both 

hamstring muscles varied linearly with trunk angle (p<0.001), with semitendinosus showing a 100% 

increase (from 9 to 18% MVIC) when trunk angle was increased by 5° from normal walking (Table 2). 

Increases in the gastrocnemius muscles were less pronounced than the hamstring muscles but still 

apparent (Figure 2). Again, activity in both gastrocnemius muscles increased linearly (p<0.001) over 

the region of interest as trunk flexion was increased (Table 2). Interestingly, there was a negligible 

effect of increasing trunk flexion on the two quadriceps muscles (Table 2 & Figure 3). Increasing 

trunk flexion angle appeared to have a more pronounced effect on the VM-MG and VM-ST co-

contraction signals than on the VL-LG and VL-BF co-contraction signals (Figure 4 & Table 2). 

Nevertheless, a significant linear relationship was observed between co-contraction and trunk 
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flexion (p<0.001) for all signals apart from VL-LG co-contraction. For example, increasing trunk angle 

by 5° from normal walking resulted in an increase of 23% in VM-ST co-contraction (Table 2). 

 

Discussion  

The aim of this study was to quantify the effect of independently manipulating trunk flexion 

on lower limb kinematics, joint moments and knee muscle activation patterns. As trunk angle was 

increased, the data showed an increase in the hip flexion angle as well as the hip moment and the 

ankle moment. Importantly, both hamstring and gastrocnemius muscles also increased with trunk 

flexion as did three of the four co-contraction signals. Taken together, these findings demonstrate a 

strong dependence of hip/ankle moments and knee flexor muscle activity on the sagittal plane 

inclination of the trunk.  

There has been minimal research investigating the link between trunk inclination and lower 

limb muscle activation patterns. However, previous studies have sought to quantify the effect of 

trunk flexion on lower limb moments [19, 28]. Consistent with our findings, these studies report an 

increase in the sagittal hip moment with a forward flexed posture. However, there were 

methodological differences as the investigators either did not tightly control trunk flexion angle [28] 

or instructed subjects to walk with an extreme forward lean of 25° or 50° [18]. In this current study, 

trunk flexion angle was tightly controlled and varied systematically by 5° between each condition. 

The data from this study therefore provide definitive insight into changes in moments and muscle 

patterns which result from small changes in sagittal trunk angle in young healthy people.  

In a recent study [24], we grouped healthy participants into two groups based on normal 

trunk flexion during walking. Comparison between the groups showed that a difference of 5° in 

trunk flexion was associated with differences in the activation of the lateral, but not the medial, 

knee flexor muscles. Interestingly, the data from the current study showed a more consistent effect 
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when trunk flexion was increased by 5°, significantly increasing both medial and lateral knee flexor 

muscle activity and elevating three of the four co-contraction signals. Given the use of a repeated 

measures design and a linear model, this current study has controlled for potential confounders. For 

example, precise quantification of trunk angle is difficult, as this is not a rigid segment, and this may 

lead to uncertainty when using a cross-sectional design to understand the association between trunk 

flexion and muscle patterns. However, it is possible that the contrasting findings between the two 

studies, reflect differences between habitual muscle patterns and muscle patterns which result from 

instructing participants to adopt a different trunk flexion angle over a short period of time.  

Our results support the idea that, because a large proportion of the body’s mass is located 

within the head, arms and trunk segment, small deviations in trunk flexion can have a relatively large 

impact on muscle patterns. This finding has important implications for musculoskeletal diseases, 

such as knee osteoarthritis, which are associated with elevated muscle activation, known to increase 

knee loads [13, 14]. Clearly, knee osteoarthritis is a complex disease of the joint, associated with 

several biomechanical changes [29], such as increased knee adduction moment [30], many of which 

are a direct result of the disease. However, Preece et al. [17] demonstrated that people with this 

condition walk with a trunk flexion angle approximately 3° larger than that observed in healthy 

people. The results of the current study demonstrate that, even this small change in postural 

alignment, is likely to be associated with increased knee flexor muscle activity, and therefore 

increased knee contact loads [13]. However, while the current study has quantified the effect of 

small changes in trunk flexion in healthy young people, it is not clear that the response would be the 

same in people with knee osteoarthritis. Nevertheless, our data motivate further research to 

understand the possibility of targeting postural control in order to reduce knee flexor muscle activity 

in people with knee osteoarthritis. 

There are several strengths of the current study including the use of biofeedback to tightly 

control trunk flexion angle and the use of a repeated measures design. Nevertheless, limitations 
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need to be highlighted. Firstly, the analysis of muscle activity was focused across a small window of 

the gait cycle, during early stance. This decision was made to gain insight into the effect of trunk 

flexion across the period corresponding to peak knee load. Although the effect of increasing trunk 

flexion was relatively consistent across stance phase for the hamstring muscles (Figure 1), there was 

more temporal variation with the gastrocnemius muscles (Figure 1). Our conclusions may therefore 

not extrapolate across the whole of gait cycle. A second limitation is that, although we used the 

same verbal instruction for all participants, it was not possible to ensure that trunk flexion was 

isolated at the hip joint. If this had been the case, we would have observed an LMM gradient of 1 for 

the hip angle (Table 1). This indicates that trunk flexion was likely achieved through flexion of the 

spine in addition to the hip. Nevertheless, the results still provide important insight into the effects 

of increasing trunk flexion during walking. 

This is the first study to use a controlled experimental protocol to understand the 

biomechanical effect of increasing trunk flexion. The results provide important insight, showing that 

relatively small changes in trunk inclination can lead pronounced increases in knee flexor muscle 

activity and therefore co-contraction. These finding motivate future work which should seek to 

explore the role of trunk flexion in the altered knee muscle activation patterns which are typical of 

people with knee osteoarthritis.  
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Tables  

 

Table 1: Linear mixed model (LMM) analysis for lower limb moments and angles. Mean (SD) values, 

across the cohort, for the corresponding period of interest (Figure 1) , are reported for the 4 

different trunk flexion conditions (NW=normal walking). The p-value for the likelihood ratio test 

indicates whether there was a linear effect of trunk angle and if significant (<0.001), LMM gradient 

and associated standard error (SE) are reported. The LMM gradient gives the magnitude of increase 

which corresponds a 1º increase in trunk angle. 

 NW-5º NWº NW+5º NW+10º P-value 

LMM 

gradient 

(SE) 

Trunk angle (º) -3.4 (2.2) 1.8 (2.2) 7.8 (2.8) 12.7 (2.5) - - 

Hip angle (º) 4.3 (4.6) 5.5 (4.3) 10.0 (5.8) 13.0 (6.8) <0.001 0.57 (0.08) 

Knee angle (º) 15.0 (4.7) 15.5 (5.0) 17.7 (5.5) 19.2 (7.4) <0.001 0.28 (0.06) 

Ankle angle (º) 7.95 (1.89) 7.79 (2.06) 8.24 (2.31) 8.41 (2.85) NS - 

Hip moment 

(Nm/kg) 

0.01 (0.06) 0.15 (0.06) 0.33 (0.06) 0.48 (0.06) <0.001 0.03 (0.003) 

Knee moment 

(Nm/kg) 

0.70 (0.24) 0.67 (0.26) 0.60 (0.24) 0.60 (0.29) NS - 

Ankle moment 

(Nm/kg) 

-0.02 (0.08) 0.04 (0.07) 0.10 (0.11) 0.12 (0.10) <0.001 0.01 (0.001) 
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Table 2: Linear mixed model (LMM) analysis for the muscle activation and co-contraction outcomes. 

Mean (SD) values (expressed as %MVIC), across the cohort, for the corresponding period of interest 

(Figures 2-4), are reported for the 4 different trunk flexion conditions (NW=normal walking). The p-

value for the likelihood ratio test indicates whether there was a linear effect of trunk angle and if 

significant (<0.001), LMM gradient and associated standard error (SE) are reported. The LMM 

gradient gives the magnitude of increase which corresponds a 1º increase in trunk angle. 

 NW-5º NWº NW+5º NW+10º P-value 

LMM 

gradient 

(SE) 

Semitendinosus 6 (3) 9 (5) 18 (10) 26 (14) <0.001 1.3 (0.1) 

Biceps Femoris 4 (.2) 6 (4) 11 (7) 15 (6) <0.001 0.7 (0.1) 

Medial 

Gastrocnemius 
7 (3) 10 (5) 16 (9) 20 (11) <0.001 0.8 (0.1) 

Lateral 

Gastrocnemius 
6 (3) 7 (3) 9 (4) 11 (4) <0.001 0.3 (0.1) 

Vastus medialis 24 (15) 26 (17) 27 (16) 28 (18) NS - 

Vastus lateralis 32 (18) 31 (19) 30 (16) 32 (15) NS - 

VM-MG co-

contraction 
33 (15) 37 (16) 43 (16) 48 (17) <0.001 1.0 (0.2) 

VL-LG co-

contraction 
38 (19) 38 (20) 38 (17) 43 (18) NS - 

VM-ST co-

contraction 
30 (15) 35 (17) 45 (18) 54 (22) <0.001 1.5 (0.2) 
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VL-BF co-

contraction 
37 (17) 37 (18) 41 (16) 47 (16) <0.001 0.7 (0.2) 
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Figures: 

 

Figure 1: Ensemble average (across all participants) data for the four different conditions for (a) 

trunk flexion, (b) hip moment, (c) knee moment and (d) ankle moment. NW denotes normal walking. 

The shaded regions indicate the sections of the waveforms which were averaged for the statistical 

analysis. Note that trunk flexion angle was averaged across the whole gait cycle. 
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Figure 2: Ensemble average (across all participants) normalised EMG data for the four different trunk 

flexion conditions for (a) semitendinosus, (b) biceps femoris, (c) medial gastrocnemius and (d) lateral 

gastrocnemius. NW denotes normal walking. The shaded regions indicate the sections of the 

waveforms which were averaged for the statistical analysis. 
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Figure 3: Ensemble average (across all participants) normalised EMG data for the two quadriceps 

muscle corresponding to the four different trunk flexion conditions. NW denotes normal walking. 

The shaded regions indicate the sections of the waveforms which were averaged for the statistical 

analysis. 
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Figure 4: Ensemble average (across all participants) co-contraction signals for the four muscle pairs 

across different trunk flexion conditions. VM – vastus medialis, MG – medial gastrocnemius, VL – 

vastus medialis, LG – lateral gastrocnemius, ST – semitendinosus, BF – biceps femoris. The shaded 

regions indicate the sections of the waveforms which were averaged for the statistical analysis. 
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