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a b s t r a c t 

In this manuscript we describe the development and testing of a bipolar electrode for the simultane- 

ous acquisition of ultrasound (US) images and surface electromyograms (EMGs) from the same muscle 

region. The developed electrode (bEMG-US) consists of two circular sensing regions (20 mm diameter) 

with fixed inter-electrode distance (3.5 cm, center-to-center). Both the sensing regions and the external 

structure of the electrode are made of hydrogel layers separated by insulating materials. The electrical 

properties (i.e., impedance and noise of the electrode-skin interface) and the quality of EMGs detected 

with the developed electrodes during electrically elicited contractions were assessed and compared with 

those provided by commercially available EMG electrodes. The effect of the bEMG-US electrode on US 

images was evaluated by comparing images detected from the same muscle region with and without 

the electrode interposed between the US probe and the skin. Tests on five subjects showed that the 

electrode-skin impedance of bEMG-US electrodes was higher than that of conventional EMG electrodes 

(mean (range): 15.6 (8.5–21.1) k Ω vs. 8.2 (4.9–16.5) k Ω ). Despite higher impedance values, both elec- 

trode systems provided comparable, electrode-skin noise levels (1.4 (1.1–1.7) μV vs. 1.3 (1.0–1.5) μV) and 

M waves (normalized mean square error: 2.6 (0.6–6.8)%). The quality of US images detected with and 

without the bEMG-US electrode between the US probe and the skin was comparable, as demonstrated 

by the low errors in the estimation of anatomical variables in the two experimental conditions (range: 

(0.37–2.35) deg for pennation angle and ( −0.31–0.1) cm for muscle thickness). Results demonstrate that 

bEMG-US can be used to acquire concurrently EMGs and US images from the same muscle region with a 

negligible effect on the quality of the two detected signals, thus allowing for a simultaneous, multimodal 

evaluation of muscle activation. 

© 2018 IPEM. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Surface Electromyograms (EMGs) provide a measure of muscle

activity that has found application in the field of muscle fatigue,

myoelectric control of prosthesis, movement analysis and others

[1–5] . Ultrasound imaging allows for the in-vivo assessment of

muscle architecture, often considered in clinical applications and

basic research [6–9] . By combining EMG and US imaging it would

be possible to fully characterize the electromechanical properties

of the muscle, from the neural excitation to the resulting muscle

tissue displacement, and their possible adaptations with aging, re-

habilitation, neurological disease, and injury. This integration may

be obtained by positioning the two detection systems alongside
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ach other. However, for some body regions with high muscle den-

ity, e.g., the forearm, this arrangement is not viable, as EMGs are

ocalized in correspondence of the surface projection of the muscle

10] and the US probe located beside the electrodes would sample

rom different muscles. For large muscles, this issue seems less rel-

vant; however, there is a growing number of evidence describing

egional patterns of muscle activation from EMGs [11–13] as well

s regional variations in fascicle architecture and properties [14–

6] . Hence, even within the same muscle, EMGs and US images

etected from different portions may reflect distinct physiological

nd/or geometrical events. The optimal approach for a joint EMG-

S investigation of muscle activity seems therefore to demand the

ecording of both signals from the same muscle region, which re-

uires the US probe to lie over the electrodes. 

Recording surface EMGs and US images concurrently from

he same muscle region requires specific technological solutions

o avoid artefacts in both EMGs and US images. The acoustic
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mpedance of the electrode, of its supporting material and of the

kin must match; otherwise, reflections of the ultrasound beam

ould hinder the visualization of muscle structures in US images.

enceforth, we use the term acoustically-matched to indicate the

coustic impedance matching between different materials. More-

ver, the detection system must adhere to the skin to avoid the

ormation of air bubbles at the skin interface. While these features

nsure the detection of clear US images, high quality EMGs de-

and the insulation of electrodes and connections, avoiding there-

ore short circuits and low impedance paths generated by the US

oupling gel. 

In 2013 we developed a grid of 32 electrodes for simultane-

us detection of EMGs and anatomical muscle features [17] . Each

lectrode consists of a stainless steel wire (100μ diameter) ex-

osed within a small, circular cavity (4 mm diameter) housed in

 substrate of polymeric material. The electrical contact between

ires and skin is ensured by filling cavities with a water-based

onductive gel or paste. The mechanical properties of the poly-

er (i.e., density and adhesion to the skin) and the relatively small

ize of the cavities ensure a negligible reflection of the US beam,

hus making the detection system suitable for simultaneous EMG-

ltrasound detections. This grid finds application in studies inves-

igating the spatio-temporal properties of motor unit activation

through multichannel EMG) and the associated mechanical mus-

le tissue strain (through US imaging). For instance, it has been

sed to investigate the spatial relationship between excitation and

uscle motion onsets in biceps brachii [18] and it is being used for

he EMG-US based identification and classification of fasciculation

otentials in triceps surae [19] . For some applications or contexts,

owever, the use of a multichannel detection system may not be

ecessary nor feasible. Providing a couple of electrodes samples

MGs from a representative muscle region [20] , for example, the

verall degree of muscle activation may be adequately estimated

rom bipolar electrodes. Moreover, the production of acoustically-

atched grids of electrodes is expensive and demands consider-

ble time. Simpler and more affordable detection systems (e.g.,

ipolar electrodes) are therefore useful for the concurrent acquisi-

ion of surface EMGs and US images. If the development of bipolar

lectrodes for simultaneous EMG-US recordings is to be pursued,

he cavity-based technology used for the grids of electrodes is un-

ikely appropriate as a somewhat large cavity volume would have

o be filled with conductive gel. However, with respect to the grids,

he greater size of the electrodes and larger inter-electrode allow

or different technological solutions not suitable for the small, grid

lectrodes. Here, we present and test an innovative, potential so-

ution for a more affordable production of acoustically-matched

ipolar electrodes. 

In this note we describe the technical procedures necessary for

he realization of bipolar, hydrogel-based electrodes, suitable for

he simultaneous acquisition of surface EMGs and US images. The

est of the device in terms of electrode-skin impedance, contact

oise, and quality of EMGs and US images collected is presented. 

. Methods 

An EMG electrode consists of a sensing region (i.e., the trans-

ucer), usually a metal plate that interfaces the skin through a

ayer of electrolyte solution, and a supporting material that in-

ludes sensing region and connections and provides the mechan-

cal stability to the device. In some cases, a pair of sensing regions

hare the same supporting material, resulting in a single bipolar

lectrode with fixed inter-electrode distance. The device developed

n this study, hereafter referred to as bEMG-US electrode, includes

wo sensing regions integrated in the same support, and the elec-

rical connections to an external acquisition system. 
.1. System requirements 

The main functional requirement of an electrode for simultane-

us acquisition of surface EMG and US from the same muscle re-

ion is the ability of transmitting ultrasound with a minimal atten-

ation. It is well known that reflection, scattering and adsorption

ttenuate the ultrasound beam, depending on the material prop-

rties (e.g., size, density, presence of inhomogeneity). While the

eflection due to biological tissues is at the basis of ultrasound

maging, the interaction with other structures along the propa-

ating path of the ultrasound leads to a loss of energy and to

he generation of artefacts in the ultrasound image. The charac-

eristics of the material constituting this kind of electrodes should

hus comply with two requirements: (i) be homogeneous, to re-

uce the number of transitions (and reflections) through different

aterials, and (ii) having an acoustic impedance similar to that

f biological, soft tissues, which is very close to that of the wa-

er [21] . In this respect, the presence of porous structures con-

aining air (e.g., foam) or highly dense materials (e.g., metal) is

ritical, as they would generate artefacts in the ultrasound im-

ge. Using a layer of US coupling gel to improve the acoustic in-

erface between the electrodes and the skin is overtly inappro-

riate, as it would reduce the impedance between electrodes. For

his reason, the entire device (electrodes and supporting mate-

ial) must be highly adhesive on the skin side, ensuring a good

coustic, electrode-skin interface without the need of US coupling

el. 

As regard to the EMG detection, geometrical properties of the

lectrodes should be comparable to those of commercially avail-

ble electrodes (1–2 cm diameter of the conductive area and 2–

 cm inter-electrode distance). 

.2. Electrode description 

Hydrogel was selected for designing the sensing regions and

he external structure of the bEMG-US electrode, as it fulfills the

ain project requirements: (i) it is a water-based material and

hus suitable to transmit the ultrasound beam with low attenua-

ion, (ii) it is adhesive, ensuring a good mechanical and acoustic

ontact with the skin, and (iii) its conductivity makes it a suit-

ble interface between the skin and the metal part of the elec-

rode [22,23] . However, being hydrogel a conductive material, its

se as supporting material for the external electrode structure re-

uires the electrical insulation between the two sensing regions

hat would otherwise be short-circuited. A possible solution to

ave insulating elements without the use of additional materials is

o reduce the concentration of salts in the hydrogel; however, pre-

iminary experiments revealed reduced salt concentration did not

educe hydrogel conductivity sufficiently (at least 1/100 of the con-

uctive material) to create insulating layers. It was therefore nec-

ssary to use additional material to insulate the sensing regions.

ig. 1 A shows a schematic representation of the bEMG-US struc-

ure. The first hydrogel layer is 0.8 mm thick. Within this layer,

wo insulating rings (silicon rubber, 20 mm diameter) define the

hape of the two sensing regions and avoid short circuits through

he first, hydrogel layer. The center-to-center distance between the

wo sensing regions (i.e., inter-electrode distance) is 35 mm. A thin

0.1-mm diameter) Ag/AgCl wire, whose insulation is removed in

orrespondence of the hydrogel disc, connects each sensing re-

ion with an external connector. A thin sheet of bi-adhesive mate-

ial (0.08 mm thick) ensures the top, hydrogel layer (0.8 mm thick)

oes not short circuit electrodes. An additional, outward sheet of

ow-density polyethylene (0.06 mm thick) serves as external pro-

ective layer. By removing this last sheet, the external surface of

he device becomes adhesive. In this condition, the US probe may
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Fig. 1. bEMG-US Electrode. (A) Schematic representation of the bEMG-US electrode (planar view and longitudinal section). (B) Picture of the device represented in the same 

dimensions of panel A. (C) bEMG-US electrode positioned over the medial gastrocnemius. 
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conditions. 
be attached over the electrode and the hydrogel of the electrode

replaces the ultrasound gel as coupling material with the skin. Fig.

1 B shows a picture of the bEMG-US electrode. 

2.3. Electrode testing 

An experimental protocol was designed and applied to five

male volunteers (range values: age 24–37 year, height 170–187 cm,

body mass 61–85 kg), after they provided written informed con-

sent. Data collection was carried out at Politecnico di Torino, the

study conformed to the Declaration of Helsinki and was approved

by the Ethics Committee of ASL TO1, Torino, Italy. The aims of

this protocol were to: (i) characterize the electrodes in terms of

electrode-skin impedance and noise, (ii) evaluate the effect of the

proposed electrodes on the quality of US images and surface EMGs

recorded simultaneously from the same muscle region. All mea-

surements were performed on medial gastrocnemius (MG) with

the subject lying comfortably in a prone position over a padded

bed. 

2.3.1. Impedance and noise measures 

The electrode-skin impedance of bEMG-US electrodes was mea-

sured in two experimental conditions: with and without ultra-

sound probe and gel over the electrodes. With these measure-

ments, we tested whether the presence of US gel could generate

a low impedance path between the sensing regions, thus reduc-

ing the inter-electrode impedance. Impedance and noise measures

obtained from bEMG-US electrodes were compared with those ob-

tained from conventional, bipolar electrodes classically used in

EMG recordings (CDE02401500BX, Spes Medica, Battipaglia, Italy).
o ensure a like-with-like comparison, the selected conventional

lectrodes had the same shape (circular), size ( d = 20 mm) and

enter-to-center distance (35 mm) of bEMG-US electrodes. More-

ver, the material interfacing the skin of conventional electrodes

as the same, with the same thickness (0.8 mm) of the bEMG-US

lectrodes. 

After cleaning the skin with abrasive and conductive paste

Everi cream, Spes Medica, Battipaglia, Italy), both bEMG-US and

onventional electrodes were positioned, one at a time, over the

ame MG region. Electrodes were positioned over the superficial

poneurosis of MG, on average 5 cm distally from the popliteal

rease, along the proximal-distal axis of the muscle ( Fig. 1 C).

he noise of the electrode-skin interface was measured with a

ustom-made noise amplifier (LISiN, Politecnico di Torino, Italy)

ith the following characteristics: 12,0 0 0 amplification; 10 0-dB

MRR; 100 G Ω //2 pF input impedance; 0.8 μV RTI noise; 0.1–

0 0 0 Hz bandwidth. The amplified noise was acquired (USB-6210,

ampling frequency: 10 kHz, 16 bits A/D converter) and then band-

ass filtered (10–1 kHz, 2nd order Butterworth filter). The root

ean square (RMS) of the noise was computed over a 10 s epoch.

fterwards, the impedance between the two electrodes (i.e., the

um of two electrode-skin impedances and the tissue impedance)

as measured with a custom-made impedance meter (LISiN, Po-

itecnico di Torino, Italy). This device injects a sinusoidal current

200 nA peak-to-peak amplitude) and measures the voltage drop

etween the electrodes tested. The magnitude and the phase of

he impedance are then quantified as the amplitude ratio and the

hase shift between the measured voltage and injected current, for

 frequency sweep in the range 10 Hz–1 kHz. The impedance mag-

itude at 50 Hz was considered to compare the three experimental
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Fig. 2. Impedance and noise measures. (A) Comparison between the module of the electrode-skin impedance measured in three experimental conditions: (i) between the 

two sensing regions of bEMG-US electrode, (ii) in the same condition as (i), but with a layer of US gel covering the top of the device (i.e., bEMG-US + US gel), and (iii) 

between two conventional electrodes for EMG recordings with the same diameter and inter-electrode distance of bEMG-US electrodes. Data are reported as magnitude of 

the impedance at 50 Hz. (B) Root mean square (RMS) noise of the electrode-skin interface for bEMG-US and conventional electrodes. Noise was estimated in the 10Hz-1 kHz 

frequency band. For both electrode-skin impedance and RMS noise, data from individual subjects are reported below the figures. 
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.3.2. EMG quality assessment 

We quantified how much the detection system (bEMG-US only,

EMG-US with US gel, and conventional bipolar electrodes) affects

he quality of EMGs. Quality assessments were made during elec-

rically elicited contractions, ensuring differences in the detected

MGs were mostly due to differences in the detection system [17] .

mmediately after the noise and impedance measurements, a circu-

ar, pre-gelled cathode electrode (10 mm diameter) was positioned

ver the branch of the tibial nerve supplying the MG muscle and

 large anode electrode (80 × 50 mm, damp cloth) was fixed to the

eg anterior aspect, just above the patella, using elasticized ban-

age [24] . Afterwards, a train of 10 supramaximal current stim-

li (rectangular pulses, 200-μs duration) was delivered at 1 pps.

 waves were detected and wirelessly transmitted to a personal

omputer with a bipolar EMG amplifier (Due, OT-Bioelettronica,

orino, Italy), separately for each of the three detection systems.

fter band-pass filtering (2nd order, zero-lag Butterworth filter,

0–400 Hz), the 10 M waves were averaged and differences in the

veraged M waves between detections systems were assessed with

he Normalized Mean Square Error (NMSE) [17] . 

US image quality assessment : The aim of this measurement was

o evaluate the influence of the bEMG-US electrodes on the US

mages. US images were detected in two experimental conditions:

ithout and with the bEMG-US electrodes positioned between the

S probe and the skin. The first measure was performed at the

eginning of the experiment (i.e., before electrodes’ application),

hereas the second measure was done after the M -wave detection

sing bEMG-US electrodes. The position of the probe was marked

n the skin to ensure a consistent probe repositioning in the two

xperimental conditions. The overall quality of the image and the

ossibility of observing muscle features such as muscle thickness,

ubcutaneous layer thickness and pennation angle were regarded
s qualitative comparison criteria. In order to quantify the effect

f the detection system on the quality of US images, we mea-

ured and compared muscle thickness and pennation angle esti-

ated from US images [25] collected with and without the bEMG-

S electrode interposed between the US probe and the skin. 

. Results and discussion 

.1. Impedance and noise measures 

Impedance though not noise of the electrode-skin interface was

ffected by the detection system. Fig. 2 shows the comparison of

lectrode-skin impedance and noise measured in the experimen-

al conditions described in the methods. In this experiment, the

mpedance was measured between two electrodes. Therefore, it

eflects the sum of the impedances of two electrode-skin junc-

ions and the impedance of the tissue between the electrodes.

imilar values of electrode-skin impedance were measured with

15.6 (8.6–21.1) k Ω ) and without (15.5 (8.5–21.1) k Ω ) ultrasound gel

ver the bEMG-US electrodes. This result suggests that the pres-

nce of gel over the bEMG-US electrodes does not generate low

mpedance paths between the two sensing regions. In the com-

arison between bEMG-US and conventional electrodes, a higher

odule of the impedance at 50 Hz was observed for bEMG-US

lectrodes: 15.6 (8.5–21.1) k Ω vs. 8.2 (4.9–16.5) k Ω . The physical

imension of the electrodes’ components may explain this differ-

nce. The type and the dimension of the hydrogel disk interfac-

ng the skin are the same for both kind of electrodes (0.8 mm

hickness, 20 mm diameter). Therefore, if the contact area between

he metal (Ag/AgCl for both electrodes) and the hydrogel was

he same for both the bEMG-US and conventional electrode, their

lectrode-skin impedance would be likely comparable. However,
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Fig. 3. Quality of the detected EMGs. M waves detected from conventional electrodes and from bEMG-US electrodes in two conditions: with and without the presence of 

the US probe and US gel over the top of the device. Representative M waves are shown for an individual subject (S1). The Normalized Mean Square Error (NMSE) between 

pairs of M waves detected in the different conditions is reported for all subjects in the table. 

Fig. 4. Effect of bEMG-US electrodes on the US images. US images detected from the central part of medial gastrocnemius in two experimental conditions: without and 

with the presence of bEMG-US electrodes between the US probe and the skin. Horizontal arrows in the right panel indicate two regions of slight image distortion due to the 

presence of bEMG-US insulating rings. t = muscle thickness; θ = pennation angle. 
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the metal-hydrogel contact area is markedly smaller for bEMG-US

electrodes. Although our experiment was not designed to quantify

the contribution of different electrode materials on the electrode-

skin impedance, our results suggest that the size of the metal-

hydrogel interface may account for the differences observed in the

electrode-skin impedance. Notwithstanding the higher electrode-

skin impedance of bEMG-US electrodes, the RMS noise (1.4 (1.1–

1.7) μV) was comparable to that of conventional electrodes (1.3
1.0–1.5) μV), as shown in Fig. 2 B. The observation of comparable

oise values for bEMG-US and conventional electrodes is consistent

ith the notion that the electrode-skin noise mainly originates at

he electrolyte-skin interface and that it is highly dependent on

he electrolyte used to interface the skin [26] . Indeed, in this study

he type, the shape and the size of the electrolyte layer were the

ame for the two tested electrodes, possibly generating a compa-
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.2. EMG quality assessment 

The electrode type affected mar ginally the shape of maximal

 waves, as shown in Fig. 3 . The NMSE between M waves de-

ected with conventional electrodes and bEMG-US electrodes was

onsistently smaller than 7%: 2.6 (0.6–6.8)% (see b vs. c and a

s. c in Fig. 3 ). Moreover, the presence of the US probe and gel

ver the bEMG-US electrodes modified to a low extent the de-

ected, M -wave shape, as confirmed by the low NMSE values 2.1

0.8–4.3)% (see a vs. b in Fig. 3 ). These NMSE values are compara-

le with those reported in our previous study for a grid of small,

MG-US electrodes [17] . Current results indicate that, despite the

arger electrode-skin impedance observed for bEMG-US electrodes,

he quality of EMG signals detected with the proposed electrodes

s comparable with that of conventional electrodes. 

.3. US image quality assessment 

Visual inspection of US images revealed that the presence of

EMG-US electrode did not affect the image quality. Fig. 4 shows

n example of US images detected with and without the bEMG-

S electrode positioned between the probe and the skin. From the

epresentative example depicted in Fig. 4 , it can be observed that

uscle thickness, fascicle orientation and location of aponeuroses

an be similarly identified in images acquired in both experimen-

al conditions. The main difference between the two images is the

resence of an additional layer introduced by the bEMG-US elec-

rode and two regions affected by a slight image distortion associ-

ted with the insulating material of the bEMG-US electrodes (see

ig. 4 right panel). The difference between medial gastrocnemius

hickness and pinnation angle values estimated from US images

etected without and with bEMG-US electrodes ranged from −0.31

o 0.10 cm and from 0.37 to 2.35 %, respectively. These figures are

ithin the 95% limits of agreement for repeated measured of mus-

le architecture with US [25] , suggesting that the error due to the

resence of the bEMG-US electrodes is lower than that due to the

epositioning of the probe directly over the skin. 

. Conclusions 

A bipolar electrode for concurrent acquisition of electrophysio-

ogical signals and ultrasound images from the same muscle region

bEMG-US electrode) was developed and tested. The electrode is

ade of hydrogel layers separated by thin, insulating structures.

xperimental results revealed that bEMG-US electrodes may be

sed to acquire concurrently surface EMGs and US images from

he same muscle region with a negligible effect on the quality

f the two detected signals. This electrode may be used to in-

estigate electromechanical events occurring during a muscle con-

raction and to characterize their possible changes associated with

euromuscular diseases, ageing, training or rehabilitation. 
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