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SUMMARY 
This study uses EMG biofeedback to explore muscular and 
reflex modulation of shoulder stiffness during postural 
maintenance experiments. The primary objective is to evaluate 
the influence of perturbation type (force vs. position) on these 
properties. Results employing EMG biofeedback indicated no 
influence of perturbation type and confirmed the expected 
influence of muscle activation on reflex modulation. 
 
INTRODUCTION 
Posture maintenance is achieved through the use of muscular 
(intrinsic) and reflexive mechanisms. While the intrinsic 
muscular contribution to posture maintenance is well 
understood, the contribution of reflexes remains a continued 
focus of research. Experimental studies have shown that the 
reflexive contribution to posture maintenance depends on the 
several factors, viz., muscle activation, disturbance amplitude, 
task instruction, the bandwidth of the perturbation signal, and 
the type of perturbation used [1]. However, the effect of 
perturbation type (force vs. position) has been difficult to 
assess as it is inherently linked to the task instruction; position 
perturbations are used for force tasks and force perturbations 
are used for position tasks. The opposing nature of these task-
perturbation combinations results in different reflexive 
behavior [2]. The goal of this study is to explore the effect of 
perturbation type on reflexive feedback by using a harmonized 
EMG biofeedback task instruction across both position (PP) 
and force perturbations (FP). 
 
METHODS 
Subjects were seated in a comfortable upright posture, holding 
the handle of the manipulator with an elbow flexion of 90º 
(reference position). The manipulator moved in a forward-
backward direction generating ante- and retroflexion of the 
glenohumeral joint. The manipulator could be position 
controlled (i.e. PP) or force-controlled (i.e. FP). 
 
Ten subjects performed two tasks: position (PT) and EMG 
(ET). During PT subjects were exposed to FP and instructed to 
minimize displacement while visual feedback of handle 
position was given on a screen. This task was performed in 
order to establish the baseline condition for the ETs. During 
ETs subjects were exposed to either FP or PP and instructed to 
match the displayed EMG co-activation level; a signal 
constructed from four shoulder muscles (m. pect. maj., m. delt. 
ant., m. delt. pos., and m. lat. dor.) representing muscle co-
activation or in other words joint co-contraction. Each muscle 
signal was high-pass filtered (5 Hz), rectified, normalized to 
its PT mean EMG equivalent and low-pass filtered (0.3 Hz). 

The mean of all four muscles was then used as the co-
activation level (i.e. EMG feedback). Four levels (40, 70, 100, 
and 120%) were used for the ETs and reflected percentages of 
the mean co-activation signal recorded during the PT. Table 1 
summarizes all test conditions considered in this study. Four 
repetitions were performed for each test condition in a 
randomized order. 
 
Table 1: Summary of task instruction and perturbations. 

Perturbation Condition Task 
Type EMG Co-act. (%) Amp. (mm)

1 (PT_FP) PT FP N/A 3.5 
2-5 (ET_FP) ET FP 40/70/100/120 3.5 
6-9 (ET_PP) ET PP 40/70/100/120 3.5 
 
A single multi-sine [3] perturbation signal was used as the 
disturbance in all FP tests. The signal was 30 s in length, had a 
rectangular power spectrum with dominant power over a 
bandwidth of 0.5 – 1.5 Hz, and was supplemented with a 
reduced power region [4] up to 20 Hz. The perturbation for the 
PP tests was defined by the results of the FP tests. An average 
of the four repeated tests at each specific ET level was used 
and applied during the co-activation equivalent PP conditions. 
 
The repetitions of each test were averaged in time to reduce 
the variance due to noise. Next, mechanical admittance and 
reflexive impedance were estimated in the frequency domain 
[5]. The admittance describes the displacement (xh) of the arm 
due to an input force (fh) and the reflexive impedance 
describes the muscle activation force (a) due to the input 
displacement (xh). Note, the activation force (a) is an 
estimation of force during the perturbation using EMG signals 
and is different from the co-activation signal. For further 
details, see Schouten et al. [5]. An additional estimate of 
effective stiffness (i.e. intrinsic and reflexive) was calculated 
by taking the inverse of the mechanical admittance at the 
lower frequencies (0.5-1.5 Hz). The results were used to 
evaluate the effect of the ET relative to the PT, the effect of 
the co-activation level prescribed during ET, and the effect of 
perturbation type. Paired Student t-tests were used to evaluate 
statistical significance. 
 
RESULTS AND DISCUSSION 
Subjects were capable of performing ETs maintaining 
predefined levels of muscle co-activation with relative ease 
following a brief training period (approx. 4 trials). The 
variance of the co-activation signal was significantly lower (p 
< 0.01) during ET relative to PT (approx. 30%) when 
comparing co-activation equivalent conditions (i.e. FP100). 



This reflected the significant influence of task where during 
the PT, the lack of EMG information allowed subjects to vary 
EMG co-activation without detriment to task performance. 
 
Figure 1 plots the group average of the effective stiffness 
estimate for all conditions. Task condition had a significant (p 
< 0.001) effect on the stiffness estimate which in the ET100 
was only 57% of the PT. This may relate to the focused nature 
of the information within the co-activation signal when 
performing ET. Subjects need only use the muscles regions 
measured and may have chosen for energetic reasons not to 
use non-measured muscle regions which were in all likelihood 
beneficial to the performance of the PT. This could represent 
an optimal control strategy which weighs heavily towards 
minimizing energy consumption. Stiffness increased with ET 
level and had a significant effect (p < 0.05) in a cross-
comparison of the different levels. Although a systematic 
increase in the estimated stiffness mean appears to occur when 
comparing the FP to PP results, no significance could be found 
at all ET levels. Furthermore, a 60% reduction of co-activation 
level in ET resulted in a stiffness reduction of only 30%. 
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Figure 1: Effective stiffness estimate of the shoulder at the 
lower frequencies (0.5-1.5 Hz). 
 
Figure 2 plots the mechanical admittance and reflexive 
impedance of the PT conditions as well as all ET_FP 
conditions. Comparing ET100 to PT the admittance gain and 
phase increase, while the resonant frequency and peak 
decrease. The reflexive impedance gain decrease in ET100 
across the entire bandwidth, a response shown through 
modeling to be associated with velocity feedback modulation 
[5]. The task instruction has a significant effect (p < 0.05) on 
both the admittance and reflexive impedance gain up to a 
frequency of 5 Hz. 
 
Reduction of the ET level resulted in a decreasing mechanical 
admittance gain at low frequencies (<5 Hz), while the 
reflexive impedance gain and phase increased and decreased 
respectively. Interestingly, none of the ET trials could match 
the performance characteristics seen in the PT frequency 
response functions (FRF) in both mechanical admittance and 
reflexive impedance. The reflexive impedance gain and phase 
effects due to changing co-activation are similar to the 
findings of Cathers et al. [6], who showed increasing reflex 

gains and decreasing reflex phase for increasing muscle 
activation. 
 
No significant difference could be found in either of the 
estimated FRFs (both mechanical admittance and reflexive 
impedance) as a result of perturbation type. This suggests that 
with the applied ET the central nervous system did not 
perceive a difference between the two perturbation types. 
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Figure 2: FRFs of a typical subject for mechanical admittance 
(left) and reflexive impedance (right) of PT and ET at the four 
co-activation levels (40, 70, 100, and 120%) during FP. 
 
CONCLUSIONS 
The EMG biofeedback implemented in this study represents a 
viable approach to explore the modulation of intrinsic and 
reflexive muscle dynamics. Subjects were able to modulate the 
EMG levels as displayed. With an identical EMG level the ET 
showed a reduced stiffness as compared to the PT. An 
increasing ET co-activation level indicated increasing reflex 
gains. Furthermore, the effect of perturbation type (force and 
position) in ET has no influence on intrinsic and reflex 
stiffness modulation. 
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