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ABSTRACT 

In this study we have investigated a potential 

optimal model for the relationship between muscle 

force and electromyogram (EMG) that includes both 

increasing and decreasing force paths (hysteresis).  

Intramuscular (iEMG) and surface (sEMG) EMG 

were recorded concurrently from the muscle flexor 

digitorum profundus (0-100% MVC) in 11 subjects. 

Three features, Mean Absolute Value (MAV), Wilson 

Amplitude (WAMP) and Constraint Sample Entropy 

(CSE) were computed from the EMG signals. Two 

models, first (poly1) and third (poly3) order 

polynomial, were investigated in two cases: 1) Taking 

the hysteresis into account for ascending (contraction: 

cont) and descending (relaxation: relax) force and 2) 

Disregarding the hysteresis (overall). 

For iEMG the results for poly1 showed that 

hysteresis-based models (cont: 0.944 ± 0.010, relax: 

0.939 ± 0.008) had significantly (P < 0.01) higher R
2
-

values (mean ± SE) than the overall model (0.889 ± 

0.016). For poly3 a significant difference (P < 0.01) 

was also found between hysteresis-based models (cont: 

0.963 ± 0.010, relax: 0.985 ± 0.002), and the overall 

model (0.926 ± 0.013). Similar results were obtained 

for sEMG. These results imply the existence of a path 

dependent model, which may improve the accuracy of 

force estimation. 

 

INTRODUCTION 

Myoelectric prosthetic devices controlled by 

surface EMG (sEMG) is clinically used to restore some 

of the lost functions for patients with upper limb 

amputations.
[1,2,3]

 Intramuscular EMG (iEMG) has been 

suggested as a potential solution for increasing the 

number of degrees-of-freedom (DoFs). Apart from the 

possibility of more DoFs, iEMG also has other 

advantages such as limited crosstalk and chronic 

implantation of the electrodes.
[1,2]

 One of usability 

requirements for a prosthetic device is to make the 

control as intuitive as possible for the user. This 

implies for example, providing better proportional 

control where the level of activation corresponds to the 

level of muscle activity.
[3]

 Several studies have 

investigated proportional control where force has been 

estimated based on features from the EMG signals (See 
[6]

 for a review). Common for all these studies is that 

the proposed model (linear or nonlinear) is computed 

based on the overall force/feature relationship.
[4]

 Thus, 

to our best knowledge, none of these studies have 

investigated if the degree of association between force 

and features of EMG was dependent on the path of the 

force profile i.e. one model for increasing force and 

another model for decreasing force. Deep knowledge of 

EMG force hysteresis is still missing in the literature.  

Ridgway et al.
[5]

 investigated the relationship 

between force and calcium concentration. It was found 

that the force was higher when the calcium 

concentration was decreasing than when increasing, 

thus hysteresis was found in the force-calcium 

relationship. Since calcium is needed in muscle 

contractions, hysteresis might also be present in the 

feature/force relationship. Therefore, the aim of the 

present study was to investigate if the feature/force 

relationship was dependent on the contraction path for 

both iEMG and sEMG in order to investigate a 

potential optimal model for future prosthetic devices. 

METHOD 

Experiment 

Data obtained from a previous study 
[4]

 was used in 

this study. Eleven healthy right-handed subjects were 

included (4 w/7 m, age range 22 - 26 years,            

mean = 23.8 years). The protocol was approved by the 

Danish local ethical committee (approval no.: N-

20080045). All subjects received both written and oral 

information about the experiment and gave written 

consent prior to the experiment. 

 

Procedure: The subjects exerted force while seated 

in a chair with their right arm placed in an armrest (Fig. 

1). First, the subjects exerted MVC force three times 

with a 3 minutes rest between the trials. Afterwards the 

subjects were asked to follow a bell-shaped force 

profile of 9s with force levels ranging from 0 to 100% 

MVC. Subjects were provided with adequate time to 

practice matching the profile before the actual 

recording. The profile was measured twice with a 3 

minutes rest in between.
 [4]
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Data recording: In the experiment, a Jamar 

compatible handgrip dynamometer (Noraxon) with an 

adjustable grip size was used in order to measure the 

grasping force. The grip size was set according to the 

maximum force of each subject. The iEMG electrodes 

(custom-made by use of hypodermic needles and 

Teflon coated wires (A-M Systems, Carlsberg, WA; 

diameter 50 µm)) were placed in a bipolar 

configuration, in the muscle flexor digitorum 

profundus (FDP). The needle was placed in the middle 

one-third of the forearm ventral to the ulnar shaft. The 

iEMG signals were amplified with a factor of 1000 and 

filtered with a band pass of 20-5000 Hz. 

Simultaneously, sEMG was recorded in a bipolar 

configuration (Ambu Neuroline 720) from the same 

muscle. The sEMG signals were amplified with a 

factor of 2000 and filtered with a band pass of 20-500 

Hz. A wristband was used as a common reference 

electrode. Force, iEMG and sEMG signals were 

sampled by use of a 16 bit AD converter (NI-DAQ 

USB-6259) with a sampling frequency of 20 kHz. 

 

Fig. 1 Sketch of the experimental setup.  

 

Signal processing 

Digital filters: A 4th order Butterworth filter was 

applied for each signal. The force was low pass filtered 

with a cut-off frequency of 20 Hz. The iEMG and 

sEMG signals were band pass filtered with frequencies 

of 100-2500 Hz and 20-500 Hz, respectively.  

Extracted features: Three features were chosen to 

represent the iEMG and sEMG signals; Mean Absolute 

Value (MAV), Wilson Amplitude (WAMP) and 

Constraint Sample Entropy (CSE). A moving window 

of 200 ms was applied to the EMG signals with a step 

size of 50 ms. Features were calculated for each 

window. The same moving window was applied on the 

force signal, where the mean was calculated. 

Thresholds for computing WAMP were found by 

visually inspecting the performance of the features. The 

used threshold levels were the same for all subjects and 

profiles.  

Data analysis 

The relationship was found between the extracted 

features of EMG and the corresponding grasping force 

using two different models for two different cases. The 

first model was a linear relationship described by a first 

order polynomial (poly1) whereas the second model 

was a third order polynomial (poly3).  These models 

were tested in two cases: Case 1) Taking hysteresis into 

account for ascending (contraction, cont) and 

descending (relaxation, relax) force, and Case 2) 

Disregarding hysteresis (overall). The performance 

measure used for the relationships was the adjusted 

coefficient of determination (R
2
-value). 

Statistical analysis 

For each signal type (iEMG and sEMG) and each 

model (poly1 and poly3) a two 2-way ANOVAs (with 

factors cases and features) was used in order to 

compare the performance of the hysteresis (cont, relax) 

with the overall model and, moreover, to compare the 

features with each other. P-values less than 0.05 were 

considered significant. The Bonferroni–Dunn 

adjustment was used for multiple comparisons. 

RESULTS 

In figure 2, a representative example of the 

hysteresis is depicted to show the dependency of the 

model to contraction path. In table 1 and 2, the results 

for the different models for iEMG and sEMG are 

summarized. The hysteresis-based models had R
2
-

values above 0.94 significantly higher than the overall 

model (P < 0.01). Similar results were obtained for 

sEMG, though relax for the hysteresis model was not 

significantly higher than the overall model for poly1 (P 

= 0.07). 

When using poly1 on iEMG, WAMP feature performed 

significantly better than the CSE feature (P > 0.01). For 

poly1 on sEMG both WAMP and MAV were 

significantly better than CSE (P < 0.021). Furthermore 

for poly3 on sEMG, CSE was better than WAMP. 

However, when using poly3 on iEMG, no difference 

was found between the features.  
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Figure 2: A representative example of the hysteresis obtained using WAMP feature for a) iEMG and b) sEMG. a.u 

stands for arbitrary unit, circles (o) depicts the ascending force (contraction) path and x’s the descending (relaxation) 

path.

Table 1: Results from the two different models for 

iEMG when tested in the two cases. The P-values is for 

the comparison of case 1 (the models for the ascending 

(cont.) and descending (relax) force) with case 2 (the 

overall model disregarding hysteresis). 

Models for 

iEMG 

R2 SE CI P 

Poly1:     

   Cont.: 0.944 0.010 [0.922 , 0.966] 0.002 

   Relax: 0.939 0.008 [0.922 , 0.956] 0.006 

   Overall 0.889 0.016 [0.853 , 0.925]  

Poly3:     

   Cont.: 0.963 0.010 [0.941 , 0.984] 0.008 

   Relax: 0.985 0.002 [0.980 , 0.989] 0.003 

   Overall 0.926 0.013 [0.897 , 0.956]  

 

 

 

 

Table 2: Table 1: Results from the two different models 

for iEMG when tested in the two cases. The P-values is 

for the comparison of case 1 (the models for the 

ascending (cont.) and descending (relax) force) with 

case 2 (the overall model disregarding hysteresis). 

Models for 

sEMG 

R2 SE CI P 

Poly1:     

   Cont.: 0.949 0.006 [0.936 , 0.962] 0.004 

   Relax: 0.946 0.006 [0.933 , 0.958] 0.076 

   Overall 0.925 0.007 [0.910 , 0.940]  

Poly3:     

   Cont.: 0.974 0.005 [0.964 , 0.985] 0.006 

   Relax: 0.985 0.002 [0.936 , 0.962] 0.004 

   Overall 0.957 0.007 [0.936 , 0.962]  
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DISCUSSION 

The results showed that the hysteresis-based 

models were significantly better than the overall 

relationship, indicating that the relationship between 

features and force in the full force range is path 

dependent.  As shown in Figure 2, force was higher in 

the relaxation phase than in the contraction phase with 

respect to same value of WAMP feature. This is to 

some extend similar to the results obtained by Ridgway 

et al.
[5]

. In their study force was higher for the 

decreasing calcium concentration, indicating a muscle 

in the relaxation path.  

This study only focused on comparing the two 

hysteresis based models, relax and cont, with an 

overall model and therefore the computed models, 

poly1 and poly3, were not compared. Moreover, the 

same type of relationship was used both for the 

increasing and decreasing force. Other types of models 

might show even higher R
2
-values and probably the 

two paths have different relationships, which should be 

investigated further. The search for an optimal model is 

further emphasized by the fact that the performance of 

features is model dependent. Not all features perform 

equally using poly1, thus for every feature used the 

optimal model should be investigated to maximize the 

association with force. 

In the present study, we only found the 

relationship between EMG features and force, and did 

not predict force based on these relationships. Thus, 

even though poly3 gave the highest R
2
-values, it may 

be over-fitting the data and might therefore perform 

less effective when used for prediction.   

In conclusion, this study showed strong indications 

(for all subjects) of hysteresis in the relationship 

between EMG features and force which is a step 

towards an optimal model for force estimation. 
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