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Abstract: Flexible biosensor based wearable medical devices can act as excellent terminals in the body area 

electronics of health monitoring system. Benefiting from the growing advancement of electronics and 

communication technique are wearable medical devices, which can be worn by people and measure 

physiological parameters like Electro Cardio Gram (ECG), make it possible to monitor the health status 

continuously to observe deterioration if any, on-line basis, without causing any discomfort to the subjects or 

patients, in their daily life and could provide warning, even during sleep and wake up the Cardio Vascular or 

sleep apnea patients. Among all the deaths caused by Cardio Vascular Diseases (CVDs) about two-thirds of 

them happen in Out-side hospital environment. There is a need to prevent the development of CVDs at its early 

stage, so as to provide a low cost and efficient way to realize pervasive healthcare. In order to realize this novel 

flexible device, Thin Film Transistor (TFT) designs are attempted for 50 μm Polyimide, flexible substrates, with 

CTE-12 x 10
-6

 PPM/
0
K and HTE-9 x 10

-6
 % RH. TFTs, for ECG designs operate at frequencies < 100 Hz with 

sufficient slew rate. Considering the Gate Capacitances Cg, carrier mobilities offered by Indium Gallium Zinc 

Oxide (a-IGZO) nano crystalline dielectrics and inks, Lov Gate to Source/Drain overlap lengths and 

requirement of low temperature processing, Thin Film Transistor (TFT) based flexible amplifier design and it’s 

integration with CMOS analog comparator for detection of missing beat, for early warning and printable 

speaker on Polyamide flexible substrate bendable to a radius of 3.5 cm, computing W/L ratios of every TFT and 

components of the flexible amplifier, missing pulse(beat) detector and piezo material printing, for speaker are 

evolved 
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I. Introduction 
Sensing Bio-potential signals with flexible epidermal patches is a felt need among clinicians and 

neuroscientists with integrated circuits capable of amplifying bio-signals in the mHz to kHz range, while 

rejecting large DC offset generated at the electrode-tissue interface. Bio-potentials in general are very week in 

the range of a few μV to mV, which necessitate high fidelity and low power consumption, in these designs [12]. 

Bio-potential signals such as Electrocadriogram signals (ECG), Electromyogram (EMG), 

Electroencephalograph (EEG) to electro-oculograph (EOG) are generated in the human body, in the ranges 

shown in Table 1. 

 

                                                                                             

          

 

 

 

 

Table 1 

 

Bio-potential signals [12] are generated due to the electrochemical activity of certain class of cells that are 

components of the nervous, muscular or glandular tissue. Electrically, these cells exhibit a resting potential, and 

when they are stimulated they generate an action potential. The electrical activity of each cell is described by the 

ion exchange through the cell membrane. The membrane potential of an inactive cell is called the resting 

potential. At the rest state, the membrane of the cell is more permeable to K+ than Na+, and K+ concentration of 

the interior of the cell is much higher than the exterior. Therefore, a diffusion gradient of K+ occurs towards the 

exterior of the cell making the interior more negative relative to the exterior, which results in an electrical field 

build up towards the interior of the cell. At steady state, the diffusion gradient of the K+ ions are balanced by the 

electrical field and the equilibrium is reached with a polarization voltage of nearly −70 mV.    

Medical Signal Frequency Amplitude 

ECG (Electro Cardio Gram)  0.05 – 100 Hz 5 μV – 8 mV 

EEG (Electro Encephalo Gram ) 0.5 – 100 Hz 2μV-200μV 

Evoke Potential (EP) 2 Khz-5 Khz 20nV - 20μV 

EMG (Electro MyoGram) 0.01 Hz – 10 Khz 50μV-10mV 

Electro Occulogram (EOG) 0.1 – 10 Hz 10μV-800μV 
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When the cell is electrically stimulated (through the central nervous system), the permeability of the 

membrane to Na+ ions increases. Thus, Na+ ions diffuse toward the inside of the cell, resulting in a potential 

increase of the interior of the cell. As the potential reaches to +40 mV, the permeability of the membrane to Na+ 

ions decreases and to K+ increases, resulting in a sharp decrease in the membrane potential towards its rest state. 

This cycle of the cellular potential is called the action potential, and the bio-potential signals, such as EEG, 

ECG, EMG, are the result of several action potentials produced by a combination of different cells.  The 

origination of action potentials in the heart are depicted in Fig 2 below  

 

 
 

Fig 2 

 

Ideally, bio-potential sensor usually have very large input impedance, a non-zero current should flow from 

the bio-potential of the body to the input of the sensing block. However, this current is carried by ions in the 

body, whereas it is carried by electrons on the wires connecting the electrodes to the sensing block. Therefore, a 

transducer interface is necessary between the body and the sensor block that converts the ionic current into 

electronic current, or vice versa. This interface is called a bio-potential electrode. 

    

The operation principle of a bio-potential electrode can be described by an electrode–electrolyte interface. 

In order to allow the current flow between the electrolyte, which has no free electrons, and the electrode, which 

has no free cations or anions, a chemical reaction has to occur at the interface that can be represented by the 

following general equations [12]: 

 

                                             C↔ C+ + e−  

                                   A− ↔ A + e−  

 

In this equation, C and A stands for the cations and anions in the electrolyte, respectively, and it has been 

assumed that the electrode is made up of the cations of the electrolyte. Therefore, the cations in the electrode can 

oxidize at the interface, and the anions coming to the interface can be oxidized to a neutral atom, both resulting 

in a free electron in the electrode. Thus, current can pass from the electrode to the electrolyte.  Therefore, if a 

metal is inserted in a solution, which has the ions of the same metal and some anions to preserve the neutrality 

of the solution, the reactions starts to occur depending on the concentration of the cations in the solution. This 

disturbs the neutrality of the solution, and a charge gradient builds up at the electrode–electrolyte interface, 

resulting in a potential difference that is called the half-cell potential. The mismatch of the half-cell potential 

between the reference electrode and the recording electrode is responsible for the differential DC electrode 

offset voltage.   

 

Bio-potential electrodes can be grouped as, polarisable and non-polarisable electrodes. The perfectly 

polarisable electrodes have no actual charge transfer between the electrode–electrolyte interface. Thus, such 

electrodes behave as capacitors and the current is due to the displacement current. On the other hand, the current 

passes freely across the electrode–electrolyte interface of the non-polarisable electrodes, thus these electrodes 

behave as a resistor. However, neither of the two types can be fabricated. Thus, practical electrodes are 

somewhere in between these two types.  
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II.  Flexible Non Contact Ecg Sensor 
 

Various disadvantages of wet Ag/AgCl gel electrolyte sensors, in using, for long duration ECG 

applications have driven researches to evolve dry ECG electrodes. Another important feature required, even in 

these dry ECG electrodes is the requirement of 24 hours use, including during sleep, without disturbance to the 

subject or patient, thus epidermal sensors are under evolution. Now, in this work Epidermal Flexible Printable 

Non Contact Autonomous ECG Sensor Medical Device Patch for Early Warning are evolved. 

    

Flexible biosensor based wearable medical devices can act as excellent terminals in the body area 

electronics of health monitoring system. Benefiting from the growing advancement of electronics and 

communication technique are wearable medical devices, which can be worn by people and measure 

physiological parameters like Electro Cardio Gram (ECG), make it possible to monitor the health status 

continuously to observe deviations or deterioration, if any, on-line basis, without causing any discomfort to the 

subjects or patients, in their daily life or routine and could provide warning, even during sleep and wake up the 

Cardio Vascular or sleep apnea patients, when required. Among all the deaths caused by Cardio Vascular 

Diseases (CVDs) about two-thirds of them happen in Out-side hospital environment. There is a need to prevent 

the development of CVDs at its early stage, so as to provide a low cost and efficient way to realize pervasive 

healthcare. 

 

Cardio Vascular health information involves multiple physiological signals like ECG, BP and SpO2 in 

multiple modalities. There is a possibility of measuring these parameters, in a completely different way, by 

wearable medical device from the conventional medical devices without cuffs or hanging electrode wires. 

Moreover, different wearable medical devices can also take the measurements of the same signal based on 

different principles, for example Pulse Transit Time (PTT) based BP measurements, using ECG, in cuff less 

mode. Moreover, epidermal sensing can improve miniaturization, due to the development of new materials. 

Besides, flexible electronics can make wearable sensors conformal to the skin and even can measure 

physiological signals unobtrusively. These devices are referred to epidermal electronic systems, which benefit 

the wearable devices to be thinner, lighter and flexible. In the past Roger et al published on measurements of 

electrophysiological signals (ECG and EEG), temperature and strain using some of the design transfer methods 

on to various substrates. Good results have also been reported by Lagally et al and Rogers et. al on the unique 

electronic, thermo electronic and mechanical properties associated with new class of inorganic flexible 

semiconductor membrane material systems. 

     

In these ECG Bio-Sensor making, the typical process flow involve, attaching a rigid handler substrate, to a 

flexible substrate, to facilitate handling in subsequent processing steps, followed by deposition of the thin film 

device layer via. a solution processing. Inorganic crystalline semiconductor nano materials (free standing sheets 

with nano meter to sub-micrometer scale thickness) have in the last several years, demonstrated great potential 

to become a disruptive technology, driven primarily by the successes shown with Group IV crystalline nano 

materials transferred and tracked on to foreign substrates, including both rigid (eg. Silicon and Glass) and 

flexible (eg. Plastics and Polymers) substrates. 

 

The technology drivers for this potential are the inherently novel electronic and mechanical properties of 

these sheets; their flexibility, conformability, biocompatibility and transferability of designs to other hosts; the 

ability to introduce strain and thus novel properties associated with strain in ways not possible with bulk 

materials and the ability to integrate membranes of different materials because of the much better bendability of 

membranes based on PMDS transfer printing processes, originally developed by Rogers et.al and the current 

nano ink design printing processes and heterogeneous integration of dissimilar materials. 

 

Electroencephalogram (EEG) and Electro Cardio Gram (ECG) sensors require conductive gel to ensure 

low-impedance electrical contact between the Sensor and Skin making set-up time consuming make the long 

term recording problematic. In this work, a gel free, non contact EEG/ECG Sensor with on-board electrode that 

capacitively couples to the skin is evolved. Active shielding of the high impedance input significantly reduces 

noise pickup and reduces variations in gain as a function of gap distance, between the skin and actual ECG 

Sensor. The integrated novel medical device sensor combines amplification, missing pulse detection mechanism 

and peizo electric printed speaker, for warning the CVD or sleep apnea patient, on the flexible patch attached to 

the skin. 

      

In order to realize this novel device, Thin Film Transistor (TFT) based amplifier designs are attempted for 

50 μm E Polyimide, flexible substrates, as the sheet material is stable against all chemicals needed for TFT 
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fabrication with small Coefficient of Thermal Expansion (CTE) of the order of 12 x 10
-6

 PPM/
0
K and its small 

Humidity Expansion Coefficient (HEC) of the order of 9 x 10
-6

 % RH [7]. TFTs for ECG amplifier typically 

need to operate at frequencies < 100 Hz with sufficient slew rate. Considering the Gate Capacitances Cg, carrier 

mobilities offered by Indium Gallium Zinc Oxide (a-IGZO) nano crystalline dielectric inks, Lov Gate to 

Source/Drain overlap lengths and requirement of low temperature processing, the W/L design ratios of every 

TFT and components of flexible ECG amplifier, missing pulse(beat) detector and peizo electric material area 

printing are discussed in the publication. Power sources are also printed in such autonomous devices without 

requirement of an external battery. The process uses a combination of offset printing, inkjet printing, Al2O3 

isolation and contact metallization. 

 

III.   Flexible Integrated Circuit Design 

 
A gel free non contact [8] ECG sensor design that couples capacitively with skin [8] need to have a front 

end low noise TFT current mirror based differential amplifier, missing pulse (beat) detector and a printable 

speaker device at the output and a power source to make it work autonomously as an epidermal device. In the 

present design exercise undertaken, a printable flexible amplifier and CMOS missing beat detector are designed, 

to give warning via. a beep signal of a printed speaker, all integrated on a flexible polyamide substrate.  

 

Perhaps the most difficult challenge of ECG sensor is in creating a differential amplifier with very low 

noise, as signals sensed, reach down to tens of micro volts peak to peak.  Ideally, this amplifier need high gain, 

high common mode rejection ratio (CMRR), high input impedance and high common mode extraction around 

ECG parameters. It consists of a four stage differential amplifier based on second generation current conveyer 

(CCII), to meet the application requirements for the gain, linearity and output voltage swing. Current conveyer 

designs are very good performers, reliable with good enough characteristics for low frequency applications 

including high input impedance and low power, consists of three terminals A, B and C, as indicated in the Fig. 3  

 

 
Fig. 3 ( ECG Flexible Amplifier) 

 
M1, M6,M10,M17,M18 1500/25μm 

M2,M3,M19 3600/25μm 

M8,M9 7200/25μm 

M11,M12 750/25μm 

M13,M14 1100/25μm 

M15,M16 2200/25μm 

M22,M23 600/25μm 

M21 3000/25μm 

R,C 1KΩ, 33pf 

 

Table 2: Designed W/L ratios of Thin Film Transistors, R and C values of Flexible ECG amplifier 

 

Thin Film Transistors (TFTs)  M4-M5 form the input differential miller Operational Trans-conductance 

Amplifier (OTA) stage, ensuring high input impedance levels, required for ECG front end. M2, M3 and M6 

transistors are the current sources for the differential pair, and transistor M1 with the Ibias current source are the 

biasing stage. Bias current can be generated placing a resistor Rbias between M1 transistor and Vdd voltage, 
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instead of a current source. Second stage is comprised of transistor M7, a source follower, and diode-connected 

transistors M8-M9, which ensure the correct biasing for the output stage. Transistor M10 is the current source 

for that stage, copying the Ibias current from current mirror M1-M10. Finally, transistors M11 to M20 form the 

output stage. Feedback on M19-M20 transistors ensure a very low A-node parasitic resistance while the 

cascaded output transistors M12-M14, M16M18 give a very high output C node parasitic resistance, required for 

missing pulse(beat) detection stages of the ECG Medical device. Transistors M11-M14 and M15-M18 with 

voltage sources Vb1 and Vb2 create two wide swing current mirrors.    In the design Rbias for 20 μA is created 

using two Thin Film Transistors (TFTs) M22 and M23. A guaranteed minimum mobility of 7.5 cm
2
/Vs and sub-

micrometer channel lengths are  exhibited by a-IGZO TFTs  [7]. The capacitor C is an MIM capacitor and 

printable using a Dielectric Ink such as HfO2. The designed W/L ratios of 23 devices used in the flexible 

printable amplifier of the ECG Medical device patch are indicated in the table 2 above. 

  

TFTs are to be fabricated on flexible 50 μm thick Kapton E Polyimide foil. Using a combination of 

processes such as PECVD for 50 nm SiNx, Gate contacts with 35 nm Ti using a liftoff process, 25nm Atomic 

Layer Deposition(ALD of Al2O3 for gate isolation), between the Source and Drain area a-IGZO nano ink based 

TFT channel is printed or 15 nm a-IGZO deposited using RF sputtering at room temperature. To structure the 

TFT channel in a lift off process, self aligned lithography is used for coating the substrate with evaporated 10 

nm thick Cr and 60 nm thick Au as adhesion layer and top metallization. The maximum process temperature 

during the fabrication is 150
o
 C [7] 

IV. Missing Beat Detector 
 
There has been research on hybrid designs combining Flexible electronics and conventional CMOS designs 

[4].  In this design a CMOS conventional design indicated in the Fig 4 below based on an analog comparator is 

integrated with the above ECG Flexible  printable amplifier on a flexible polyamide substrate. The design takes 

ECG at 1 mV levels, at ECG amplifier input and detects whenever ECG beat is missed in a subject and 

generates a beep in the speaker printed on the same polyamide substrate. 

 

 
 

C1 1μF 

R1,R2, R3 860KΩ 

R4 1MΩ 

R5,R6 1KΩ,10KΩ 

Printed Speaker 5.5KΩ 

 

Fig. 4 (Missing Beat Detector) 

 

V.   Printable Speaker and Flexible Power Source 

 
In order to make the design, flexible and autonomous epidermal patch, a speaker with printed peizo electric 

layer [5][2] is to be printed on the same polyamide substrate. A speaker of 5.5 KΩ impedance in an area of 16 

cm
2
 is sufficient for this ECG sensor patch for audio warning, to indicate missing beat in any subject, to whom  

the patch is sticked. If the patch has to work autonomously, a flexible power source [15] using Li-O2 material 

has to be printed with electrodes [15], for powering 14.7 Micro watt flexible device.   

 

VI. ECG Performance Analysis of the Design 

 
The amplifier has 23 devices, each contributes thermal noise and flicker noise. There is input noise of the 

order of 7.84 x 10
-8

V/√H. At the output, with the designed gain and thermal and flicker noise contribution of 

each of the 23 TFT devices, the maximum noise is not crossing more than 1.57μV/√H, at 1Khz, as per the 
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mathematical computation based design iterations and simulation exercises under taken for the flexible printable 

amplifier, which get 1mv ECG signal at its input 

    

Power  14.7 μW 

Gain  28.57 dB 

Bandwidth 100 Hz 

Noise   1.57 μV/√H 

Common Mode Rejection Ratio at 60 Hz is 57.1 dB 

 

                                                                  VII. Conclusion 

 
In the current design, only TFT ECG amplifier, Speaker and Battery source are printed. Flexible and 

printable amplifier and printed speaker are integrated with CMOS analog comparator chips for missing beat 

detection on the same flexible substrate with a bendability of 3.5 cm radious. The work is further extendable to  

print  even for TFT based analog comparator in place of CMOS chips used.  
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