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SUMMARY 
Force enhancement (FE) was reported to be a property of all 
muscles and preparations. However, observations concerning 
existence, amount and duration are inconsistent, especially 
when it comes to voluntary activated large human muscles. 
Therefore relevance for daily activity is still questionable and 
the purpose of this study was to examine whether FE is 
present in voluntarily submaximally activated m. quadriceps 
femoris (QF). 
For two levels of intensity (30% and 60% of maximum 
voluntary contraction, MVC, and activation, MVA) significant 
FE (at the same level of activation) as well as reduced 
activation (at the same level of torque) with an amount of 
about 9% could be found. Consistent FE is therefore supposed 
to appear after submaximal stretch-contractions of large 
human muscles and its relevance for daily activity is in all 
probability. 
 
 
INTRODUCTION 
When an active muscle is stretched the resulting post eccentric 
force is known to be greater than the isometric force at 
corresponding muscle length. Latest studies provided new 
scientific findings that empower the theory of strong 
contribution of passive structures to FE, like titin, in the 
absence of actin-myosin interactions [1]. Although the 
underlying mechanisms are still elusive, FE is supposed to be 
a property of all muscles and preparations, in vitro as well as 
in vivo. Even in multi-joint movements with maximal effort 
FE could be found [2]. Therefore this phenomenon is a well 
accepted component of general muscle function and its 
relevance for daily activity is widely assumed. 
However, findings on FE during voluntary muscle action 
differ according to muscles and observations vary in pure 
existence, amount and duration. Concerning the level of 
activation, FE is reported to occur in small and medium sized 
human muscles when activated voluntarily with submaximal 
effort [3, 4]. Therefore the purpose of this study was to 
investigate whether FE is also present for submaximal 
contractions of large in vivo human muscles like QF. Due to 
complexity and size, the existence of FE for submaximally 
activated four-headed QF would indicate a high probability for 
the relevance of this phenomenon in daily activity. 
 
METHODS 
Settings are similar to previously published work on QF [5]. 
All subjects (n=30) were seated upright (100° hip flexion) on a 
rotational dynamometer (Isomed 2000, D&R Fertsl GmbH, 
Germany), carefully fixed with safety belts. Torque and 

muscle activation were measured for the right knee during 
pure isometric (at 100°) and isometric-eccentric-isometric QF 
muscle action at ω=60°s-1 from 80° to 100° knee flexion angle 
(KFA), where 0° corresponds to full leg extension. Intensity of 
submaximal muscle action was set to 30% and 60% of 
maximum voluntary activation (MVA) and torque (MVC), 
respectively. 
A wireless EMG system (myon RFTD, Myon AG, Swiss) and 
bipolar surface electrodes (AMBU® Blue Sensor P, Germany) 
were used for surface electromyography (EMG). Signals of 
Mm. rectus femoris (RF), vastus medialis (VM) and vastus 
lateralis (VL) were collected at a sampling rate of 3000Hz and 
bandpass filtered at 10Hz and 500Hz. Subject preparation and 
placement of electrodes was conducted following the 
guidelines of the SENIAM-group. 
For the control of submaximal muscle action, visual feedback 
of either knee torque or muscle activation was given. 
Presented as a solid line on a screen, we used rectified raw 
analog signals and root mean square (RMS) with a two second 
interval of VL muscle for EMG controlled tasks, and raw 
torque signals and RMS (2s) for torque control. For both tasks 
(EMG and torque control), subjects were asked to match their 
actual feedback signal line with a reference line of the 
individual target level at given submaximal contraction 
intensity (30% or 60% MVC/MVA) (figure 1). 

 

Figure 1: Exemplar (n=1) data of torque (right y-axis [Nm]), 
activation (left y-axis, [MVA, normalized to maximum 
voluntary activation]) and knee flexion angle during EMG 
controlled trials with 30% of maximum voluntary activation. 
 
Additionally, a correction model, based on weighted EMG 
according to literature data of physiological cross-sectional 
area and muscle volume on the one hand and individual EMG-
torque relations on the other hand, was used to account for 



discrepancies in feedback control and complexity of QF 
muscle. 
This correction model allows interpretation of overall 'net' 
activation reduction (ARcor) and force enhancement (FEcor) of 
QF muscle under idealized standardization. 
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Data of interest therefore were torque and muscle activation 
during EMG and torque controlled trials, respectively. 
Parameters were assessed over an interval of 2s before stretch 
(BF) and 2-4s and 4-6s and 8-10s after stretch (AS1-AS3) for 
the determination of FE and AR. After control on normality 
(Kolmogorov-Smirnov test), repeated measures ANOVA and 
Bonferroni post hoc comparisons served for statistical analysis 
of differences between action conditions at the four instances 
in time (α=0.05). 
 
 
RESULTS AND DISCUSSION 
Our results clearly prove that there is residual FE as well as 
AR in voluntary activated QF after submaximal stretch-
contractions. Hence, FE is present in small [3], medium sized 
[4] and large human muscles during voluntary activation at 
moderate intensities. 
During posteccentric muscle action with 30% MVA, 
significant FEcor was found to be almost constant from AS1 to 
AS3 with 8-9%. At 60% MVA, FEcor resulted in a significant 
enhancement of 5-6% in AS1 and AS2 (figure 2). Concerning 
the modeled 'net' activation of QF, calculations resulted in 
significant ARcor from AS1 to AS3 for both intensities of 
muscle action. Values of reduction ranged from 6% to 9% at 
30% MVC and 7% to 8% at 60% MVC. 

Figure 2: Force enhancement of measured and corrected data. 
FE of measured data was over and underestimated for 30% 
and 60% MVA trials, respectively (dotted lines). After 
correction, significant FE of 5% to 9% was found in all time 
segments, except 8-10s in trials with 60% MVA.

This leads to the question why an increase in level of 
contraction intensity of voluntary activated QF results in an 
increase in absolute AR whereas absolute FE stays constant. 
Neuromuscular control certainly has direct influence on the 
resulting muscle action, especially in motion tasks with high 
cognitive and coordinative demands like feedback control. 
Assuming that the underlying mechanisms for FE and AR 
originate from the same physiological and/or mechanical 
muscle properties, our results indicate that the way of control 
of muscle action (via feedback of torque or EMG) in 
combination with the level of contraction intensity (30% and 
60% of MVA/MVC) have an additional direct influence on FE 
and AR in voluntary activated QF. With increasing complexity 
of muscle structures (i.e. large human muscles) FE or AR 
might be highly affected by neural control of submaximal 
muscle action. 
 
 
CONCLUSIONS 
We found significant force enhancement as well as activation 
reduction in voluntarily submaximally activated QF. Since not 
all of our results are in accordance with findings in literature, 
it is assumed that complexity and neural control have an 
additional influence on potentiating effects after active muscle 
stretch of large human muscles. Therefore these issues should 
be addressed in future studies. 
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