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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment of 

the requirement for the degree of Master of Science 

 

INFLUENCE OF SURFACE ELECTROMYOGRAPHY ELECTRODE 

PLACEMENT ON SIGNAL ACCURACY AT FOREARM MUSCLES DURING 

WRIST MOVEMENTS 

ABSTRACT 

By 

 

HOSSEIN GHAPANCHI ZADEH 

 

February 2016 

 

Chair  :  Siti Anom Ahmad, PhD  

Faculty  :  Engineering 

 

Surface Electromyography (SEMG) is a technique to detect and monitor the muscles 

contraction during movements. Applying SEMG signal has difficulties due to complexity 

nature of this signal. Different type of noise like location of electrodes can affect SEMG 

signal during data acquisition. Electrode location can significantly important to conquer 

different type of noises during data collection. There are two ways to overcome this 

difficulty; 1) finding the best electrode position and 2) finding inter-electrode distance.  

 

To find the best electrode location in bipolar recording mode, it was designed and 

implemented a 6 channel SEMG acquisition system to detect and acquire the upper limb 

muscles’ SEMG signal. After that, the present study investigated electrode position and 

inter-electrode distance (IED) for wrist movements over forearm muscles. This study is 

based on the muscle physiology such as origin, innervation zone (IZ) and tendon zone 

(TZ) location. Three different electrode positions and three different IED are investigated 

over thirty volunteers participated during seven daily wrist movements such as wrist 

extension, flexion, radial deviation, ulnar deviation, wrist rotation and fingers extension 

and flexion.  

 

To find out the best electrode position, the collected signal were analyzed in time and 

frequency domain. The best electrode location selected where SEMG signal had higher 

value in time and frequency domain (Mean Absolute Value, Root Mean Square, Power 

Spectra Density) with lower cross-talk value (Cross-Correlation). The results show a 

significant differences between various electrode positions in both time and frequency 

domain. This study recommends the best electrode position over FCR, ECR and ED 

muscles near muscle origin and IZ with 40mm IED. The best electrode position for ECU 

and FCU recommend between muscle origin and IZ with 20mm IED. This study also 

suggests the electrode site for FD muscle is between IZ and TZ with 20mm IED. The 

presented method should be observed as an important step in every SEMG application 

and research to guarantee the signal quality. 
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Master Sains. 

 

PENGARUH PENEMPATAN SURFACE ELECTROMYOGRAPHY 

ELEKTROD PADA KETEPATAN SIGNAL PADA OTOT LENGAN SEMASA 

PERGERAKAN PERGELANGAN 

ABSTRAK 

Oleh 

 

HOSSEIN GHAPANCHI ZADEH 

 

Februari 2016 

 

Penyerusi : Siti Anom Ahmad, PhD  

Fakulti  : kejuruteraan 

 

Permukaan elektromyografi (SEMG) adalah satu teknik untuk mengesan dan memantau 

pengecutan otot semasa pergerakan.  SEMG mengandungi maklumat penting berkaitan 

pengecutan otot and arah pergerakan. SEMG telah banyak digunakan untuk pelbagai 

aplikasi seperti mengesan aktiviti otot dan diagnosis mampatan saraf atau kecederaan. 

Walaubagaimanapun, terdapat kesukaran dalam penggunaan SEMG disebabkan isyarat 

ini yang kompleks. Amplitud SEMG dalam julat frekuensi 0-1000Hz adalah kecil (0-

2mV puncak ke puncak). Maka, jenis hingar yang berbeza seperti lapisan permukaan 

tisu, zon inervasi yang luas (IZ), isyarat dari otot yang berhampiran, saiz elektrod and 

lokasi elektrod diletakkan boleh mempengaruhi isyarat. Terdapat dua kaedah untuk 

menyelesaikan masalah ini; 1) mencari kedudukan elektrod terbaik dan 2) mencari jarak 

dalaman elektrod. Kajian ini umumnya membentangkan dua bahagian yang berbeza. 

Bahagian pertama telah mereka dan membuat sistem pemperolehan SEMG enam saluran 

untuk mendapatkan isyarat dari otot bahagian atas badan. 

 

Bahagian kedua kajian ini mengesyorkan posisi elektrod dan jarak dalam elektrod untuk 

pergerakan tangan sekitar otot lengan. Kajian ini berdasarkan posisi otot asalan, IZ dan 

zon tendon (TZ). Tiga posisi elektrod yang berbeza dengan dua sentimeter jarak di antara 

bipolar elektrod, dan tiga jarak antara elektrod yang berberza disiasat. Isyarat SEMG 

diambil daripada otot flexor carpi ulnaris (FCU), extensor digitorum (ED), fexor carpi 

radialis (FCR), extensor carpi ulnar (ECU), extensor carpi radialis (ECR), dan flexor 

digitorum (FD) sewaktu pergelangan tangan digerakkan.  Seramai 30 sukarelawan 

menyertai kajian ini. Sukarelawan diminta melakukan lapan pergerakan pergelangan 

tangan harian seperti melanjut dan membengkukan pergelangan tangan, sisihan radial, 

sisihan ulnar, pusingan pergelangan tangan dan lanjutan dan bengkukan jari.  

 

Untuk mengetahui kedudukan terbaik elektrod, kaedah pemproses berikut dilaksanakan; 

purata nilai (MAV), punca kuasa dua (RMS), variance (VAR) dan kuasa kepadatan 

isyarat (PSD). Isyarat silang yang paling rendah adalah komponen utama bagi kualiti 
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isyarat SEMG yang baik. Oleh itu, teknik korelasi silang (CC) dikira di antara otot yang 

berkaitan untuk setiap pergerakan, dengan otot berdekatan untuk mencari isyarat silang 

yang paling rendah. Untuk mengesahkan kedudukan elektrod dan IED yang dipilih, 

nisbah isyarat kepada hingar (SNR) digunakan. SNR yang tinggi menunjukkan nisbah 

isyarat yang dikehendaki kepada isyarat yang tidak dikehendaki.  

 

Keputusan menunjukkan perbezaan besar di antara kedudukan elektrod dalam kedua-dua 

domain masa dan frekuensi. Tambahan lagi, perbezaan IED mempengaruhi kadar isyarat 

silang. Kajian mengesyorkan kedudukan elektrod terbaik bagi otot FCR, ECR, dan ED 

berdekatan dengan otot asalan dengan IZ 40mm. Kedudukan elekrod terbaik baik ECU 

dan FCU disyorkan di antara otot asalan dan IZ dengan IED 20mm. kajian ini juga 

mengesyorkan bahawa kedudukan elektrod bagi FD adalah di antara IZ dan TZ dengan 

IED 20mm. kaedah yang dibentangkan perlu diperhatikan sebagai langkat penting bagi 

setiap aplikasi SEMG dan penyelidikan untuk memastikan kualiti isyarat. 
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1 

 

CHAPTER 1 
 

 

1 INTRODUCTION 

 

 

Electromyography (EMG) is a technique to monitor and store the electrical activity 

generated by the skeletal muscles during muscle contraction. EMG signals contain 

significant information, which can be used to detect a movement. EMG signals are 

collected in two ways: surface EMG (SEMG), and intermuscular EMG [20]. SEMG and 

intermuscular EMG can be collected by using non-invasive and invasive electrodes 

respectively. Recently, SEMG are preferably used to acquire information of muscles 

activities [21]. The SEMG signals are considered as the most advantageous method of 

electrophysiological signals in many areas such as medical and engineering.  

 

During past decade, the information and application of SEMG significantly increased. 

Using   SEMG   provide beneficial information such directly analyze the muscle 

behavior, easy to detect signals by surface electrodes, electrodes are nearby applications, 

detect more movement contrast with other type of signals, cheaper to use and more 

comfortable for user. 

 

The SEMG has amplitude between 0-2mv (peak-to-peak) or 1.5mv (rms) with 0-1000Hz 

frequency band [22]. Different kinds of noise including subcutaneous tissue layers  [23], 

spread of the innervations zone (IZ) [23], cross talk from neighbor muscles [24], 

electrode size and electrode position [25, 26] can affect SEMG signal. This problem can 

be conquered by finding the best electrode position and IED as the most important step 

of SEMG acquisition. Therefore, this study aimed to determine the best electrode 

position and IED to obtain SEMG over upper limb during wrist movement. 

 

SEMG has used in many areas such as detecting muscle activities [27] and diagnosis the 

nerve compression or injury [28, 29]. SEMG system has included electrode placement 

and signal acquisition parts. Electrode position can significantly mislead the description 

of SEMG statistically and spectrally factors.  

 

Although there are a few number of researches presented the SEMG electrode position 

during the last decade, but there is no universal and pervasive method for acquisition and, 

therefore, electrode position [17, 26, 30, 31]. The Surface Electromyography for the Non 

Invasive Assessment of Muscles (SENIAM) project published the electrode position to 

evaluate the SEMG [32]. The SENIAM project presented electrode position for 22 

various muscle were accorded on the workshops conclusion and SENIAM’s member’s 

studies. However, the SENIAM projects does not included forearm muscles for wrist 

movements which are used in daily life activities. 

 

H.J Hermens et al., 2000, D.Farainar et al., 2001 and K.Nishihara et al., 2013 who  

published after the SEINAM project and concluded that the IZ and tendon zone (TZ) are 
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not suitable for electrode placing because the SEMG signals which were collected from 

IZ and TZ were unstable and unsubstantially magnitude estimation and references [8, 33, 

34] shows the IZ shift during activities. Consequently, the recommended electrode sites 

were between IZ and TZ to ensure a better quality signal. 

 

The second part of SEMG is signal acquisition step. After placing the electrode, a system 

is needed collect the SEMG signals through electrodes in different position over various 

electrode types. A few number of studies focused on this important part of SEMG data 

acquisition.  Z. Hanquing et al., 2013 [35] introduced a wireless sensor accusation 

system. The presented system in this study included bipolar wireless sensor with constant 

internal distance and programmable receiver, and they just focused on programming and 

electrode types. SEMG has used in different areas like detecting myoneural junction [36]. 

Consequently, for various studies like matrix electrode, H. Mok et al., 2003  designed a 

system with flexibility and elasticity linear shield of SEMG electrode [37]. The system 

which was introduced by H. Mok et al., can be rounded to the muscle and connected to 

the amplification circuit. In addition, recent study by X. Zhang et al., 2012 provides 

portable SEMG system [38]. The portable device is comprised of various units such as 

central processing, amplification, transition circuit and band pass filter. SEMG Electrode 

and data accusation system have been investigated and developed for different 

application. However, the current technology still needs to improve 

 

 

1.1 Problem Statement 

 

The SEMG signal is significantly used in many areas such as the prostheses body 

member and rehabilitation robot. Although SEMG has many advantages, there are still 

some challenges to use it for application of SEMG signal based. 

 

SEMG is a complex signal and exhibits an amplitude between 0 to 2 mv (peak-to-peak) 

or 1.5 mv (rms) with a frequency band of 0–1000 Hz [39]. Various noises affecting 

SEMG include subcutaneous tissue layers [23], spread of innervation zone (IZ) [23], 

crosstalk from neighbour muscles [24], electrode size, and electrode position [26, 40]. 

The electrode position can significantly reduce or increase this type of noise especially 

cross-talk [32]. The significant difficulty in SEMG is to identically collect SEMG signal 

of the targeted muscle with lower cross-talk, lower noise and maximum amplitude and 

power of frequency [31, 41-43]. 

 

Various studies presented the effect of electrode placement on SEMG signal over 

forearm muscles. However, only a few studies addressed the methodological manner to 

find correct electrode position. Recent studies, electrodes were placed over a bully area 

or between innervation zone and tendon zone without the specific symptoms of the points 

along the length or shape of the muscle. In addition, the inter-electrode distance varied 

in different studies and there is no specific guideline to place electrode over forearm 

muscles during wrist movements.  
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Quantitative studies on the sensitivity of the signal feature extracted from the SEMG 

signal on the recording type, including electrode position and inter-electrode-distance, 

for forearm muscles related to wrist movements are scarce. This limitation is 

significantly crucial for the repeatability of the results and the feasibility of comparing 

the data from various studies. 

 

 

1.2 Aims and Objectives 

 

The main objective of this thesis is to present a simple and easy guideline to identify the 

best electrode position for upper limb during wrist movements. The specific objectives 

of this research are include: 

 

 To investigate the electrode placement and internal distance of the electrodes 

 To provide recommendation guide line for muscle position and electrode site 

 

The sub objectives to accomplish the second research aim which is electrode position the 

sub objectives are as following: 

 

- Different electrode site 

- Various IED 

- Suitable for both time and frequency domain signal processing 

 

 

1.3 Thesis Scope 

 

The first part of this study is the interfacing between the electrode and the computer for 

monitoring and recording. Therefore, a low-cost multichannel SEMG acquisition system 

is developed. This system is product for laboratory research and limited to six channels. 

 

The second part is to explore the best electrode position over forearm muscle. This study 

aimed to identify the optimal electrode position to acquire SEMG over the upper limb 

during wrist movement by using a commercial adhesive electrode. The selection of the 

movements are limited to seven movements; wrist extension/flexion, wrist ulnar/radial 

deviation, wrist rotation and fingers flexion/ extension. Selected movements are the most 

significant daily wrist movements. To record the SEMG signal related to the movements 

three different electrode position with three various IED over six forearm muscle was 

investigated.  
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1.4  Thesis Contribution 

 

This study contribute the dissertation in purpose of mentioned objectives as follows: 

 To investigate the electrode site based on electrode position and IED to achieve high-

quality SEMG signals with low-noise during wrist movements 

 To develop the guideline to identify the electrode positions for the upper limb. 

 

 

1.5 Thesis Outline 

 

The structure of this study reflects the process of developing the SEMG acquisition 

system for monitoring and recording SEMG signal and the sequence of mapping 

electrode site over upper limb. The organization of thesis is as follows: 

 

Chapter two will take the reader through the publications and studies over related works 

on background of myoelectric signal, SEMG acquisition system and electrode position 

in the recent years as literature review and highlight the expressive achievements.   

 

Chapter three will start the short introduction of SEMG and current studies. Furthermore, 

the methodology of developing six channel SEMG acquisition system will be discussed. 

This chapter presents the methodology to find the best electrode position and IED over 

forearm muscles during wrist motion. Three different electrode positions and three IED 

over forearm muscle of 30 different subjects will recorded. After recording the SEMG 

data, two different signal preprocessing techniques and six processing methods will apply 

to the raw signal to find the best electrode position.  

 

The result of the proposed method will present in chapter 4. Chapter 4 will present the 

results and validating the result of the presented system and differences between various 

electrode sites and the effect of electrode placement or displacement over upper limb. 

 

Chapter 5 draws the conclusions from chapter 4 which present methodology and result 

of the research. Furthermore, the noteworthy points of electrode placements will present. 

Therefore, the method of finding the best electrode position will conclude and lastly, the 

future work will offered. 

  



© C
OPYRIG

HT U
PM

 

69 

 

REFERENCES 

 

[1] NewYork-Presbyterian. (19 March). Anatomy of the arm and hand. Available: 

http://www.nyhq.org/diw/Content.asp?PageID=DIW007646 

[2] Gordon A. Starkebaum. (2015, 19 March). Types of muscle tissue. Available: 

https://www.nlm.nih.gov/medlineplus/ency/imagepages/19841.htm 

[3] R. Drake, A. W. Vogl, and A. W. Mitchell, Gray's anatomy for students: Elsevier 

Health Sciences, 2014. 

[4] C. De Luca, R. LeFever, M. McCue, and A. Xenakis, "Behaviour of human motor 

units in different muscles during linearly varying contractions," The Journal of 

Physiology, vol. 329, pp. 113-128, 1982. 

[5] A. Gydikov, L. Gerilovsky, N. Radicheva, and N. Trayanova, "Influence of the 

muscle fibre end geometry on the extracellular potentials," Biological cybernetics, 

vol. 54, pp. 1-8, 1986. 

[6] M. V. Liarokapis, P. K. Artemiadis, P. T. Katsiaris, K. J. Kyriakopoulos, and E. S. 

Manolakos, "Learning human reach-to-grasp strategies: Towards EMG-based 

control of robotic arm-hand systems," in IEEE International Conference on 

Robotics and Automation (ICRA), 2012, pp. 2287-92. 

[7] C. Jensen, O. Vasseljen, and R. H. Westgaard, "The influence of electrode position 

on bipolar surface electromyogram recordings of the upper trapezius muscle," 

European journal of applied physiology and occupational physiology, vol. 67, pp. 

266-273, 1993. 

[8] D. Farina, R. Merletti, M. Nazzaro, and I. Caruso, "Effect of joint angle on EMG 

variables in leg and thigh muscles," Engineering in Medicine and Biology 

Magazine,, vol. 20, pp. 62-71, 2001. 

[9] D. Farina, C. Cescon, and R. Merletti, "Influence of anatomical, physical, and 

detection-system parameters on surface EMG," Biological cybernetics, vol. 86, pp. 

445-456, 2002. 

[10] N. Dimitrova, G. Dimitrov, and O. Nikitin, "Neither high-pass filtering nor 

mathematical differentiation of the EMG signals can considerably reduce cross-

talk," Journal of Electromyography and Kinesiology, vol. 12, pp. 235-246, 2002. 

[11] G. V. Dimitrov, C. Disselhorst-Klug, N. A. Dimitrova, E. Schulte, and G. Rau, 

"Simulation analysis of the ability of different types of multi-electrodes to increase 

selectivity of detection and to reduce cross-talk," Journal of Electromyography and 

Kinesiology, vol. 13, pp. 125-138, 2003. 

[12] T. Castroflorio, D. Farina, A. Bottin, M. Piancino, P. Bracco, and R. Merletti, 

"Surface EMG of jaw elevator muscles: effect of electrode location and inter‐

electrode distance," Journal of oral rehabilitation, vol. 32, pp. 411-417, 2005. 

[13] Y.-M. Wong and G. Y. Ng, "Surface electrode placement affects the EMG 

recordings of the quadriceps muscles," Physical Therapy in Sport, vol. 7, pp. 122-

127, 2006. 

[14] I. Campanini, A. Merlo, P. Degola, R. Merletti, G. Vezzosi, and D. Farina, "Effect 

of electrode location on EMG signal envelope in leg muscles during gait," Journal 

of Electromyography and Kinesiology, vol. 17, pp. 515-526, 2007. 

http://www.nyhq.org/diw/Content.asp?PageID=DIW007646
http://www.nlm.nih.gov/medlineplus/ency/imagepages/19841.htm


© C
OPYRIG

HT U
PM

 

70 

 

[15] T. W. Beck, T. J. Housh, J. T. Cramer, M. H. Malek, M. Mielke, R. Hendrix, et al., 

"Electrode shift and normalization reduce the innervation zone's influence on 

EMG," Medicine and science in sports and exercise, vol. 40, pp. 1314-1322, 2008. 

[16] T. W. Beck, T. J. Housh, J. T. Cramer, J. R. Stout, E. D. Ryan, T. J. Herda, et al., 

"Electrode placement over the innervation zone affects the low-, not the high-

frequency portion of the EMG frequency spectrum," Journal of Electromyography 

and Kinesiology, vol. 19, pp. 660-666, 2009. 

[17] I. C. Sacco, A. A. Gomes, M. E. Otuzi, D. Pripas, and A. N. Onodera, "A method 

for better positioning bipolar electrodes for lower limb EMG recordings during 

dynamic contractions," Journal of neuroscience methods, vol. 180, pp. 133-137, 

2009. 

[18] M. Barbero, R. Merletti, and A. Rainoldi, Atlas of muscle innervation zones: 

understanding surface electromyography and its applications: Springer Science & 

Business Media, 2012. 

[19] J. Rodriguez-Falces, D. Neyroud, and N. Place, "Influence of inter-electrode 

distance, contraction type, and muscle on the relationship between the sEMG power 

spectrum and contraction force," European journal of applied physiology, vol. 115, 

pp. 627-638, 2015. 

[20] D. Farina and F. Negro, "Accessing the neural drive to muscle and translation to 

neurorehabilitation technologies," Biomedical Engineering, vol. 5, pp. 3-14, 2012. 

[21] R. H. Chowdhury, M. B. Reaz, M. A. B. M. Ali, A. A. Bakar, K. Chellappan, and 

T. G. Chang, "Surface electromyography signal processing and classification 

techniques," Sensors, vol. 13, pp. 12431-12466, 2013. 

[22] J.-U. Chu, I. Moon, and M.-S. Mun, "A real-time EMG pattern recognition system 

based on linear-nonlinear feature projection for a multifunction myoelectric hand," 

IEEE Transactions on Biomedical Engineering, , vol. 53, pp. 2232-2239, 2006. 

[23] C. Nordander, J. Willner, G.-Å. Hansson, B. Larsson, J. Unge, L. Granquist, et al., 

"Influence of the subcutaneous fat layer, as measured by ultrasound, skinfold 

calipers and BMI, on the EMG amplitude," European journal of applied 

physiology, vol. 89, pp. 514-519, 2003. 

[24] T. J. Koh and M. D. Grabiner, "Cross talk in surface electromyograms of human 

hamstring muscles," Journal of Orthopaedic Research, vol. 10, pp. 701-709, 1992. 

[25] M. M. Puurtinen, S. M. Komulainen, P. K. Kauppinen, J. A. Malmivuo, and J. A. 

Hyttinen, "Measurement of noise and impedance of dry and wet textile electrodes, 

and textile electrodes with hydrogel," in Engineering in Medicine and Biology 

Society, 2006. EMBS'06. 28th Annual International Conference of the IEEE, 2006, 

pp. 6012-6015. 

[26] B. U. Kleine, D. F. Stegeman, D. Mund, and C. Anders, "Influence of motoneuron 

firing synchronization on SEMG characteristics in dependence of electrode 

position," Journal of Applied Physiology, vol. 91, pp. 1588-1599, 2001. 

[27] R. Merletti and L. R. L. Conte, "Surface EMG signal processing during isometric 

contractions," Electromyography and Kinesiology, vol. 7, pp. 241-250, 1997. 

[28] G. Staude and W. Wolf, "Objective motor response onset detection in surface 

myoelectric signals," Medical Engineering & Physics, vol. 21, pp. 449-467, 1999. 



© C
OPYRIG

HT U
PM

 

71 

 

[29] C. J. De Luca, "Use of the surface EMG signal for performance evaluation of back 

muscles," Muscle & nerve, vol. 16, pp. 210-216, 1993. 

[30] P. Zipp, "Recommendations for the standardization of lead positions in surface 

electromyography," European Journal of Applied Physiology and Occupational 

Physiology, vol. 50, pp. 41-54, 1982. 

[31] B. G. Lapatki, R. Oostenveld, J. P. Van Dijk, I. E. Jonas, M. J. Zwarts, and D. F. 

Stegeman, "Optimal placement of bipolar surface EMG electrodes in the face based 

on single motor unit analysis," Psychophysiology, vol. 47, pp. 299-314, 2010. 

[32] H. J. Hermens, B. Freriks, R. Merletti, D. Stegeman, J. Blok, G. Rau, et al., 

"European recommendations for surface electromyography," Roessingh Research 

and Development, vol. 8, pp. 13-54, 1999. 

[33] K. Nishihara, H. Kawai, Y. Chiba, N. Kanemura, and T. Gomi, "Investigation of 

innervation zone shift with continuous dynamic muscle contraction," 

Computational and mathematical methods in medicine, vol. 2013, 2013. 

[34] H. J. Hermens, B. Freriks, C. Disselhorst-Klug, and G. Rau, "Development of 

recommendations for SEMG sensors and sensor placement procedures," 

Electromyography and Kinesiology, vol. 10, pp. 361-374, 2000. 

[35] H. L. Y. B. Y. W. Z. L. N. Z. HANQING, "Portable surface electromyography 

signal acquisition device  " CN202932913 (U) 2013-05-15 2013. 

[36] H. D.-A. Mok; Swee , Babin; Thomas S. , Ghaem; Sanjar, "Wireless 

electromyography sensor and system," U.S. 6 643 541, 4/11/2003 2003. 

[37] K. H. SASAKI KAZUYUKI, TODA SHINJI, IWATA KUNIO, SAKURAZAWA 

SHIGERU, KUNIDA JU, AKITA JUNICHI, NAKAGAWA AKIRA, SAITO 

FUMIHIRO, "ELECTROMYOGRAPHY MEASUREMENT DEVICE," PAJ 

2011-000223, 06/01/2011 2011. 

[38] X. ZHANG, "Electromyography Signal Acquisition Device," CN102440773 (A), 

05/09/2012 2012. 

[39] J.-U. Chu, I. Moon, and M.-S. Mun, "A real-time EMG pattern recognition system 

based on linear-nonlinear feature projection for a multifunction myoelectric hand," 

IEEE Transactions on Biomedical Engineering, vol. 53, pp. 2232-2239, 2006. 

[40] M. M. Puurtinen, S. M. Komulainen, P. K. Kauppinen, J. A. Malmivuo, and J. A. 

Hyttinen, "Measurement of noise and impedance of dry and wet textile electrodes, 

and textile electrodes with hydrogel," in 28th Annual International Conference of 

the IEEE Engineering in Medicine and Biology Society, 2006, pp. 6012-6015. 

[41] Y. Blanc and U. Dimanico, "Electrode placement in surface electromyography 

(sEMG)“Minimal Crosstalk Area”(MCA)," Open Rehabil. J, vol. 3, pp. 110-126, 

2010. 

[42] C. Kendell, E. D. Lemaire, Y. Losier, A. Wilson, A. Chan, and B. Hudgins, "A 

novel approach to surface electromyography: an exploratory study of electrode-pair 

selection based on signal characteristics," Journal of neuroengineering and 

rehabilitation, vol. 9, pp. 1-8, 2012. 

[43] M. Janković, N. Malešević, and D. Popović, "A multi-pad electrode EMG system 

for studying muscle activity during voluntary isometric contractions," in 5th 



© C
OPYRIG

HT U
PM

 

72 

 

European Conference of the International Federation for Medical and Biological 

Engineering, 2012, pp. 773-776. 

[44] K. S. Saladin and R. K. McFarland, Human anatomy: McGraw-Hill New York, 

2008. 

[45] J. Rüegg, "Smooth muscle tone," Physiological Reviews, vol. 51, pp. 201-248, 

1971. 

[46] G. Olivetti, E. Cigola, R. Maestri, D. Corradi, C. Lagrasta, S. R. Gambert, et al., 

"Aging, cardiac hypertrophy and ischemic cardiomyopathy do not affect the 

proportion of mononucleated and multinucleated myocytes in the human heart," 

Journal of molecular and cellular cardiology, vol. 28, pp. 1463-1477, 1996. 

[47] T. D. Pollard, W. C. Earnshaw, and J. Lippincott-Schwartz, Cell biology: Elsevier 

Health Sciences, 2007. 

[48] G. Kamen and D. Gabriel, Essentials of electromyography: Human Kinetics, 2010. 

[49] R. L. Lieber, Skeletal muscle structure, function, and plasticity: Lippincott 

Williams & Wilkins Baltimore, MD:, 2009. 

[50] B. R. MacIntosh, P. F. Gardiner, and A. J. McComas, Skeletal muscle: form and 

function: Human kinetics, 2006. 

[51] Y. Liu, "Journal of Chemical and Pharmaceutical Research, 2013, 5 (12): 96-102," 

Journal of Chemical and Pharmaceutical Research, vol. 5, pp. 96-102, 2013. 

[52] K. Muramatsu, K. Ihara, K. Yoshida, Y. Tominaga, T. Hashimoto, and T. Taguchi, 

"Musculoskeletal sarcomas in the forearm and hand: standard treatment and 

microsurgical reconstruction for limb salvage," Anticancer research, vol. 33, pp. 

4175-4182, 2013. 

[53] H. Gray, Gray's Anatomy: With original illustrations by Henry Carter: Arcturus 

Publishing, 2009. 

[54] H. H. Lu and J. Jiang, "Interface Tissue Engineeringand the Formulation of 

Multiple-Tissue Systems," in Tissue Engineering I, ed: Springer, 2006, pp. 91-111. 

[55] C. T. Thorpe, H. L. Birch, P. D. Clegg, and H. R. Screen, "The role of the non‐

collagenous matrix in tendon function," International journal of experimental 

pathology, vol. 94, pp. 248-259, 2013. 

[56] G. S. Chleboun, A. B. Busic, K. K. Graham, and H. A. Stuckey, "Fascicle length 

change of the human tibialis anterior and vastus lateralis during walking," journal 

of orthopaedic & sports physical therapy, vol. 37, pp. 372-379, 2007. 

[57] M. Beretta Piccoli, A. Rainoldi, C. Heitz, M. Wüthrich, G. Boccia, E. Tomasoni, et 

al., "Innervation zone locations in 43 superficial muscles: toward a standardization 

of electrode positioning," Muscle & nerve, vol. 49, pp. 413-421, 2014. 

[58] J. L. Dideriksen, F. Negro, R. M. Enoka, and D. Farina, "Motor unit recruitment 

strategies and muscle properties determine the influence of synaptic noise on force 

steadiness," Journal of neurophysiology, vol. 107, pp. 3357-3369, 2012. 

[59] A. J. Harris, M. J. Duxson, J. E. Butler, P. W. Hodges, J. L. Taylor, and S. C. 

Gandevia, "Muscle fiber and motor unit behavior in the longest human skeletal 

muscle," The Journal of neuroscience, vol. 25, pp. 8528-8533, 2005. 



© C
OPYRIG

HT U
PM

 

73 

 

[60] J. Drenthen, B. C. Jacobs, E. M. Maathuis, P. A. van Doorn, G. H. Visser, and J. 

H. Blok, "Residual fatigue in Guillain-Barré syndrome is related to axonal loss," 

Neurology, vol. 81, pp. 1827-1831, 2013. 

[61] H. Cift, K. Ozkan, S. Söylemez, F. U. Ozkan, and H. B. Cift, "Ulnar-sided pain due 

to extensor carpi ulnaris tendon subluxation: a case report," Journal of medical case 

reports, vol. 6, p. 394, 2012. 

[62] A. J. MacLennan, N. M. Nemechek, T. Waitayawinyu, and T. E. Trumble, 

"Diagnosis and anatomic reconstruction of extensor carpi ulnaris subluxation," The 

Journal of hand surgery, vol. 33, pp. 59-64, 2008. 

[63] T. H. Tung, J. R. Barbour, G. Gontre, G. Daliwal, and S. E. Mackinnon, "Transfer 

of the extensor digiti minimi and extensor carpi ulnaris branches of the posterior 

interosseous nerve to restore intrinsic hand function: case report and anatomic 

study," The Journal of hand surgery, vol. 38, pp. 98-103, 2013. 

[64] C. Jarmey, The concise book of muscles: North Atlantic Books, 2013. 

[65] S. Standring, "Gray’s Anatomy 40th Edition (UK: Churchill 

Livingstone/Elsevier)," 2008. 

[66] G. Salvà-Coll, M. Garcia-Elias, M. Llusá-Pérez, and A. Rodríguez-Baeza, "The 

role of the flexor carpi radialis muscle in scapholunate instability," The Journal of 

hand surgery, vol. 36, pp. 31-36, 2011. 

[67] S. P. Popinchalk and A. A. Schaffer, "Physical examination of upper extremity 

compressive neuropathies," Orthopedic Clinics of North America, vol. 43, pp. 417-

430, 2012. 

[68] D. H. Luong, J. Smith, and S. Bianchi, "Flexor carpi radialis tendon ultrasound 

pictorial essay," Skeletal radiology, vol. 43, pp. 745-760, 2014. 

[69] M. Peresani, I. Fiore, M. Gala, M. Romandini, and A. Tagliacozzo, "Late 

Neandertals and the intentional removal of feathers as evidenced from bird bone 

taphonomy at Fumane Cave 44 ky BP, Italy," Proceedings of the National Academy 

of Sciences, vol. 108, pp. 3888-3893, 2011. 

[70] K. Sachar, "Ulnar-sided wrist pain: evaluation and treatment of triangular 

fibrocartilage complex tears, ulnocarpal impaction syndrome, and lunotriquetral 

ligament tears," The Journal of hand surgery, vol. 33, pp. 1669-1679, 2008. 

[71] M. W. Tocheri, C. M. Orr, M. C. Jacofsky, and M. W. Marzke, "The evolutionary 

history of the hominin hand since the last common ancestor of Pan and Homo," 

Journal of Anatomy, vol. 212, pp. 544-562, 2008. 

[72] E. Hagert, "Proprioception of the wrist joint: a review of current concepts and 

possible implications on the rehabilitation of the wrist," Journal of Hand Therapy, 

vol. 23, pp. 2-17, 2010. 

[73] S. R. Nayak, A. Krishnamurthy, L. V. Prabhu, R. Rai, A. V. Ranade, and S. 

Madhyastha, "Anatomical variation of radial wrist extensor muscles: a study in 

cadavers," Clinics, vol. 63, pp. 85-90, 2008. 

[74] W. R. Frontera and J. Ochala, "Skeletal Muscle: A Brief Review of Structure and 

Function," Calcified tissue international, pp. 1-13, 2014. 



© C
OPYRIG

HT U
PM

 

74 

 

[75] W. Z. Wang, X. H. Fang, L. L. Stephenson, K. T. Khiabani, and W. A. Zamboni, 

"Ischemia/reperfusion‐induced necrosis and apoptosis in the cells isolated from rat 

skeletal muscle," Journal of Orthopaedic Research, vol. 26, pp. 351-356, 2008. 

[76] S. K. Sidhu, A. G. Cresswell, and T. J. Carroll, "Corticospinal responses to 

sustained locomotor exercises: moving beyond single-joint studies of central 

fatigue," Sports Medicine, vol. 43, pp. 437-449, 2013. 

[77] D. F. Lovely, "The Origins and Nature of the Myoelectric Signal," in Powered 

Upper Limb Prostheses, ed: Springer, 2004, pp. 17-33. 

[78] J.-Y. Hogrel, "Clinical applications of surface electromyography in neuromuscular 

disorders," Neurophysiologie Clinique/Clinical Neurophysiology, vol. 35, pp. 59-

71, 2005. 

[79] P. Zhou, B. Lock, and T. A. Kuiken, "Real time ECG artifact removal for 

myoelectric prosthesis control," Physiological measurement, vol. 28, p. 397, 2007. 

[80] M. Zecca, S. Micera, M. Carrozza, and P. Dario, "Control of multifunctional 

prosthetic hands by processing the electromyographic signal," Critical Reviews™ 

in Biomedical Engineering, vol. 30, 2002. 

[81] Y. Yoshitake, H. Ue, M. Miyazaki, and T. Moritani, "Assessment of lower-back 

muscle fatigue using electromyography, mechanomyography, and near-infrared 

spectroscopy," European journal of applied physiology, vol. 84, pp. 174-179, 2001. 

[82] E. Scheeren, E. Krueger-Beck, G. Nogueira-Neto, and P. Nohama, "Wrist 

Movement Characterization by Mechanomyography Technique," J. Med. Biol. 

Eng, vol. 30, pp. 373-380, 2010. 

[83] P.-F. Chang, L. Arendt-Nielsen, T. Graven-Nielsen, and A. C. Chen, 

"Psychophysical and EEG responses to repeated experimental muscle pain in 

humans: pain intensity encodes EEG activity," Brain research bulletin, vol. 59, pp. 

533-543, 2003. 

[84] J. Svoboda, P. Sovka, and A. Stancák, "Intra-and inter-hemispheric coupling of 

electroencephalographic 8–13 Hz rhythm in humans and force of static finger 

extension," Neuroscience letters, vol. 334, pp. 191-195, 2002. 

[85] J. W. Coburn, T. J. Housh, J. T. Cramer, J. P. Weir, J. M. MILLER, T. W. Beck, et 

al., "Mechanomyographic and electromyographic responses of the vastus medialis 

muscle during isometric and concentric muscle actions," The Journal of Strength 

& Conditioning Research, vol. 19, pp. 412-420, 2005. 

[86] J. P. Weir, K. M. Ayers, J. F. Lacefield, and K. L. Walsh, "Mechanomyographic 

and electromyographic responses during fatigue in humans: influence of muscle 

length," European journal of applied physiology, vol. 81, pp. 352-359, 2000. 

[87] H. Mitani and E. Mushimoto, "Device for displaying masticatory muscle 

activities," ed: Google Patents, 1982. 

[88] M. Fatourechi, A. Bashashati, R. K. Ward, and G. E. Birch, "EMG and EOG 

artifacts in brain computer interface systems: A survey," Clinical neurophysiology, 

vol. 118, pp. 480-494, 2007. 

[89] K. Kiguchi, T. Tanaka, and T. Fukuda, "Neuro-fuzzy control of a robotic 

exoskeleton with EMG signals," IEEE Transactions on Fuzzy Systems, vol. 12, pp. 

481-490, 2004. 



© C
OPYRIG

HT U
PM

 

75 

 

[90] C. Cescon, E. E. Raimondi, V. Začesta, K. Drusany-Starič, K. Martsidis, and R. 

Merletti, "Characterization of the motor units of the external anal sphincter in 

pregnant women with multichannel surface EMG," International urogynecology 

journal, vol. 25, pp. 1097-1103, 2014. 

[91] B. Eddie Filho, E. A. da Silva, and M. B. de Carvalho, "On EMG signal 

compression with recurrent patterns," IEEE Transaction on Biomedical 

Engineering, vol. 55, pp. 1920-1923, 2008. 

[92] M. J. McKeown, D. C. Torpey, and W. C. Gehm, "Non-invasive monitoring of 

functionally distinct muscle activations during swallowing," Clinical 

Neurophysiology, vol. 113, pp. 354-366, 2002. 

[93] S. A. Fattah, M. A. Iqbal, M. A. Jumana, and A. Doulah, "Identifying the motor 

neuron disease in EMG signal using time and frequency domain features with 

comparison," Signal & Image Processing, vol. 3, 2012. 

[94] E. Criswell, Cram's introduction to surface electromyography: Jones & Bartlett 

Publishers, 2010. 

[95] G. L. Soderberg and T. M. Cook, "Electromyography in biomechanics," Physical 

Therapy, vol. 64, pp. 1813-1820, 1984. 

[96] A. Van Boxtel, "Optimal signal bandwidth for the recording of surface EMG 

activity of facial, jaw, oral, and neck muscles," Psychophysiology, vol. 38, pp. 22-

34, 2001. 

[97] S. Day, "Important factors in surface EMG measurement," Bortec Biomedical Ltd 

publishers, pp. 1-17, 2002. 

[98] C. J. De Luca, "Surface electromyography: Detection and recording," DelSys 

Incorporated, vol. 10, p. 2011, 2002. 

[99] T. R. Cutmore and D. A. James, "Identifying and reducing noise in 

psychophysiological recordings," International Journal of Psychophysiology, vol. 

32, pp. 129-150, 1999. 

[100] T. Masuda, H. Miyano, and T. Sadoyama, "The position of innervation zones in 

the biceps brachii investigated by surface electromyography," IEEE Transactions 

on Biomedical Engineering, pp. 36-42, 1985. 

[101] A. J. Young, L. J. Hargrove, and T. A. Kuiken, "The effects of electrode size 

and orientation on the sensitivity of myoelectric pattern recognition systems to 

electrode shift," Biomedical Engineering, IEEE Transactions on, vol. 58, pp. 2537-

2544, 2011. 

[102] P. Erik Scheme MSc and P. Kevin Englehart PhD, "Electromyogram pattern 

recognition for control of powered upper-limb prostheses: State of the art and 

challenges for clinical use," Journal of rehabilitation research and development, 

vol. 48, p. 643, 2011. 

[103] T. Castroflorio, D. Farina, A. Bottin, C. Debernardi, P. Bracco, R. Merletti, et 

al., "Non‐invasive assessment of motor unit anatomy in jaw‐elevator muscles," 

Journal of oral rehabilitation, vol. 32, pp. 708-713, 2005. 

[104] J. Cote and P. Mathieu, "Mapping of the human upper arm muscle activity with 

an electrode matrix," Electromyography and clinical neurophysiology, vol. 40, pp. 

215-223, 2000. 



© C
OPYRIG

HT U
PM

 

76 

 

[105] D. Falla, P. Dall'Alba, A. Rainoldi, R. Merletti, and G. Jull, "Location of 

innervation zones of sternocleidomastoid and scalene muscles–a basis for clinical 

and research electromyography applications," Clinical Neurophysiology, vol. 113, 

pp. 57-63, 2002. 

[106] A. J. Fuglevand, D. A. Winter, A. E. Patla, and D. Stashuk, "Detection of motor 

unit action potentials with surface electrodes: influence of electrode size and 

spacing," Biological cybernetics, vol. 67, pp. 143-153, 1992. 

[107] J.-Y. Hogrel, J. Duchêne, and J.-F. Marini, "Variability of some SEMG 

parameter estimates with electrode location," Electromyography and Kinesiology, 

vol. 8, pp. 305-315, 1998. 

[108] H. Kaneko, T. Kiryu, and Y. Saitoh, "Compensation for the distortion of bipolar 

surface EMG signals caused by innervation zone movement," IEICE Transaction 

on Information and Systems, vol. 79, pp. 373-381, 1996. 

[109] W. Li and K. Sakamoto, "The influence of location of electrode on muscle fiber 

conduction velocity and EMG power spectrum during voluntary isometric 

contraction measured with surface array electrodes," Applied Human Science, vol. 

15, pp. 25-32, 1996. 

[110] P. Lynn, N. Bettles, A. Hughes, and S. Johnson, "Influence of electrode 

geometry on bipolar recordings of the surface electromyogram," Medical and 

Biological Engineering and Computing, vol. 16, pp. 651-660, 1978. 

[111] J. Mercer, N. Bezodis, D. DeLion, T. Zachry, and M. Rubley, "EMG sensor 

location: Does it influence the ability to detect differences in muscle contraction 

conditions?," Electromyography and Kinesiology, vol. 16, pp. 198-204, 2006. 

[112] S. H. Roy, C. J. De Luca, and J. Schneider, "Effects of electrode location on 

myoelectric conduction velocity and median frequency estimates," Journal of 

Applied Physiology, vol. 61, pp. 1510-1517, 1986. 

[113] P. Zipp, "Effect of electrode parameters on the bandwidth of the surface emg 

power-density spectrum," Medical and Biological Engineering and Computing, 

vol. 16, pp. 537-541, 1978. 

[114] D. A. Gabriel, "Effects of monopolar and bipolar electrode configurations on 

surface EMG spike analysis," Medical engineering & physics, vol. 33, pp. 1079-

85, 2011. 

[115] R. Merletti, A. Botter, A. Troiano, E. Merlo, and M. A. Minetto, "Technology 

and instrumentation for detection and conditioning of the surface 

electromyographic signal: state of the art," Clinical Biomechanics, vol. 24, pp. 122-

34, 2009. 

[116] T. Meier, H. Luepschen, J. Karsten, T. Leibecke, M. Großherr, H. Gehring, et 

al., "Assessment of regional lung recruitment and derecruitment during a PEEP 

trial based on electrical impedance tomography," Intensive care medicine, vol. 34, 

pp. 543-50, 2008. 

[117] A. M. Van Rijn, A. Peper, and C. Grimbergen, "High-quality recording of 

bioelectric events," Medical and Biological Engineering and Computing, vol. 28, 

pp. 389-97, 1990. 



© C
OPYRIG

HT U
PM

 

77 

 

[118] S. A. López, "Design and constraction of an EMG multichannel acquisition 

system ptototype," 2012. 

[119] Z. Hudson, "Sample size, power and effect size–What all researchers need to 

know," Physical therapy in sport, vol. 10, pp. 43-44, 2009. 

[120] M. Fagarasanu, S. Kumar, and Y. Narayan, "Measurement of angular wrist 

neutral zone and forearm muscle activity," Clinical Biomechanics, vol. 19, pp. 671-

677, 2004. 

[121] J. R. Cram and D. Rommen, "Effects of skin preparation on data collected using 

an EMG muscle-scanning procedure," Applied Psychophysiology and Biofeedback, 

vol. 14, pp. 75-82, 1989. 

[122] A. Zeghbib, F. Palis, N. Shoylev, V. Mladenov, and N. Mastorakis, "Sampling 

frequency and pass-band frequency effects on neuromuscular signals (EMG) 

recognition," in Proceedings of the 6th WSEAS International Conference on Signal 

Processing, Robotics and Automation, 2007, pp. 107-114. 

[123] J. C. Ives and J. K. Wigglesworth, "Sampling rate effects on surface EMG 

timing and amplitude measures," Clinical Biomechanics, vol. 18, pp. 543-552, 

2003. 

[124] D. G. E. Robertson and J. J. Dowling, "Design and responses of Butterworth 

and critically damped digital filters," Journal of Electromyography and 

Kinesiology, vol. 13, pp. 569-573, 2003. 

[125] P. W. Hodges and C. A. Richardson, "Delayed postural contraction of 

transversus abdominis in low back pain associated with movement of the lower 

limb," Journal of Spinal Disorders & Techniques, vol. 11, pp. 46-56, 1998. 

[126] M. Halaki and K. Ginn, Normalization of EMG Signals: To Normalize or Not 

to Normalize and What to Normalize to?: INTECH Open Access Publisher, 2012. 

[127] J. W. Burns, F. B. Consens, R. J. Little, K. J. Angell, S. Gilman, and R. D. 

Chervin, "EMG variance during polysomnography as an assessment for REM sleep 

behavior disorder," Sleep, vol. 30, p. 1771, 2007. 

[128] S. Muceli, N. Jiang, and D. Farina, "Extracting signals robust to electrode 

number and shift for online simultaneous and proportional myoelectric control by 

factorization algorithms," Neural Systems and Rehabilitation Engineering, IEEE 

Transactions on, vol. 22, pp. 623-633, 2014. 

[129] M. B. Jensen, J. A. B. Manresa, K. S. Frahm, and O. K. Andersen, "Analysis of 

muscle fiber conduction velocity enables reliable detection of surface EMG 

crosstalk during detection of nociceptive withdrawal reflexes," BMC neuroscience, 

vol. 14, p. 39, 2013. 

[130] D. Farina, F. Negro, and N. Jiang, "Identification of common synaptic inputs to 

motor neurons from the rectified electromyogram," The Journal of physiology, vol. 

591, pp. 2403-2418, 2013. 

[131] C. Sinderby, L. Lindstrom, and A. Grassino, "Automatic assessment of 

electromyogram quality," Journal of Applied Physiology, vol. 79, pp. 1803-1815, 

1995. 

[132] S.-H. Seo, I.-H. Jeon, Y.-H. Cho, H.-G. Lee, Y.-T. Hwang, and J.-H. Jang, 

"Surface EMG during the push-up plus exercise on a stable support or swiss ball: 



© C
OPYRIG

HT U
PM

 

78 

 

scapular stabilizer muscle exercise," Journal of physical therapy science, vol. 25, 

p. 833, 2013. 

[133] J. Gebhardt, S. Schulz‐Juergensen, and P. Eggert, "Maturation of prepulse 

inhibition (PPI) in childhood," Psychophysiology, vol. 49, pp. 484-488, 2012. 

[134] C. J. De Luca, "The use of surface electromyography in biomechanics," Journal 

of applied biomechanics, vol. 13, pp. 135-163, 1997. 

[135] K. Saitou, T. Masuda, D. Michikami, R. Kojima, and M. Okada, "Innervation 

zones of the upper and lower limb muscles estimated by using multichannel surface 

EMG," Journal of human ergology, vol. 29, pp. 35-52, 2000. 

[136] A. J. Young, L. J. Hargrove, and T. Kuiken, "Improving myoelectric pattern 

recognition robustness to electrode shift by changing interelectrode distance and 

electrode configuration," Biomedical Engineering, IEEE Transactions on, vol. 59, 

pp. 645-652, 2012. 

[137] J. M. Fontana and A. W. Chiu, "Analysis of Electrode Shift Effects on Wavelet 

Features Embedded in a Myoelectric Pattern Recognition System," Assistive 

Technology, vol. 26, pp. 71-80, 2014. 

[138] A. Stango, F. Negro, and D. Farina, "Spatial correlation of high density EMG 

signals provides features robust to electrode number and shift in pattern recognition 

for myocontrol," Neural Systems and Rehabilitation Engineering, IEEE 

Transactions on, vol. 23, pp. 189-198, 2015. 

[139] A. Rainoldi, G. Melchiorri, and I. Caruso, "A method for positioning electrodes 

during surface EMG recordings in lower limb muscles," Journal of neuroscience 

methods, vol. 134, pp. 37-43, 2004. 

  




