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1. INTRODUCTION 

In the recent past, studies focusing on stress or distress among 
healthy people in several conditions (e.g. in the workplace, while 
driving, playing videogames) have exponentially increased. 
Several bio-signals are measured while the subjects of such 
studies are doing tasks e.g. photoplethysmogram (PPG) [1], 
electroencephalogram (EEG) [2], electromyogram (EMG) [3], 
electrocardiogram (ECG) [4], [5], electrodermal activity (EDA) 
[6]-[10], and many others.  

The present paper presents the design and characterisation of 
a sensor for stress recognition, focusing on drivers, using two 
EDA channels and an ECG channel acquiring data from the 
hands. The need for two channels for EDA measurement is 
derived from the fact that usually the motion of the hands (from 
where EDA is mainly acquired) provides a huge motion artefact, 
which makes the acquired data unreliable if hand motions are not 
tracked [8]; for this reason, in most scientific literature, the 
subjects are sitting, with still hands. However, when doing several 
everyday tasks (e.g. driving a car), people need two hands, and 
this is a problem in the acquisition of EDA. For this reason, in 
the present paper, we present our development of a dual-channel 
EDA sensor with the aim of using both channels to discriminate 
the motion artefact from sympathetic activity. 

In order to evaluate heart rate (HR) and its variability (HRV), 
in scientific literature, subjects usually need to wear a chest strap 
or a vest, which makes the measurement setup uncomfortable 
for the subject, especially if the measurement is acquired in real 
life (e.g. driving) instead of a laboratory for scientific 
experiments. In this work, different to previous works [5]-[8], we 
have two goals: The first is to acquire the ECG trace from the 
hands using the same electrodes used for EDA; and the second 
is to process two EDA signals in order to increase the robustness 
of the data with respect to motion artefacts. In the recent past, 
we presented a study [5] in which EDA and ECG were acquired 
simultaneously using traditional electrodes disposition on the 
chest by means of a special t-shirt; however, dressing in a special 
t-shirt with wet electrodes is not very comfortable for the user. 
On the other hand, in [8], we demonstrated that the motion 
artefact during driving is as high as the EDA signal or higher; 
thus, some correction to the acquired data must be applied. 
Adding a second channel to the EDA, we are able to discriminate 
EDA peaks in a more robust way (e.g. using independent 
component analysis or other algorithms) than previous works.  

The measurement of EDA reads a signal controlled by the 
sympathetic nervous system. EDA measurement methodologies 
can be exosomatic (skin conductance response [SCR] or galvanic 
skin response [GSR]) or endosomatic (namely skin potential 
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response [SPR]). The first method measures the conductance of 
the skin, which changes when the subject is stimulated by 
external events; this happens because the sympathetic nervous 
system activates the sweating glands in order to sweat. The 
second method directly measures the nervous pulse, which 
activates the sweat glands. This second method provides more 
complex signals than the first, but its readout is faster since it 
directly acquires the nervous pulse from the sympathetic nervous 
system [11]; moreover, it is less prone to electrode impedance 
changes due to temperature or sweating of the hands.  

The SPR measurement measures the differential voltage on 
the skin between a place where there is a high density of sweat 
glands (mainly the palms of the hands) and a place where sweat 
glands are fewer (mainly the backs of the hands). In recent 
literature [12]-[14], several papers have measured ECG and EDA 
simultaneously (also with commercial solutions). However, ECG 
is acquired on the chest, and EDA is measured by means of SCR, 
which cannot provide a fast readout of the signal. 

The study of ECG and the consequent HRV has been a 
matter of study of hundreds of scientific papers. Heart activity is 
mainly controlled by the sympathetic nervous system and 
partially by the parasympathetic nervous system (vagus nerve). 
These two signals control HRV with different aims and speeds 
of intervention. The sympathetic nervous system slowly varies, 
while the parasympathetic nervous system varies quickly.  

The post-process of HRV is still an open issue in the literature 
(frequency domain, time domain or other methods are 
discussed), especially in short-term measurements, where there is 
a need to know beat-to-beat information [15]-[19]. EDA is a 
good estimator of short-term sympathetic activity, and 
simultaneous measurement of ECG and EDA can improve 
knowledge of HRV, especially in short-term data acquisition. 

In this scenario, it is important to have a wearable, wireless, 
and comfortable instrument that is able to measure both the 
ECG and EDA without the need for wearing many electrodes 
on the body. 

The paper is organised as follows: Section 2 provides a 
description of the system. Section 3 provides the metrological 
characterisation of the sensor and shows the efficacy of the 
simultaneous measurement of ECG and dual-channel SPR with 
moving hands. Finally, conclusions are drawn. 

2. SENSOR DESCRIPTION 

The wearable EDA + ECG system is shown in Figure 1(a). 
Three disposable Ag/AgCl electrodes are placed on each hand: 
on the palm, on the back, and on the wrist. The wrist electrodes 
provide a reference potential VREF, and the bio-signals are 
acquired as differential voltages present on the skin. In particular, 
three analogue front-end blocks, shown in Figure 1(b), acquire 
the difference between the palm and the back of the right hand 
(SPR1 signal); the difference between the palm and the back of 
the left hand (SPR2 signal); and the difference between the back 
of the left hand and the back of the right hand (ECG signal). 
Each conditioning analogue front end has the architecture 
shown in Figure 1(c).  

The conditioned analogue signals are acquired by means of 
the A/D on board a DSP, which sends data via WiFi to a laptop 
(tablet or smartphone). 

The system is operated by a single 3.7 V 2000 mAh lithium 
polymer battery and is rechargeable by means of a USB plug. 
Since current consumption of the sensor in transmission mode 
is 200 mA, the system can transmit data for 10 hours of 

continuous acquisition, by far longer than typical EDA sessions, 
which are in the order of one hour. 

2.1.  Analogue front end description 

Referring to Figure 1(c), each analogue front end acquires a 
low-level differential voltage VIN (either SPR1, SPR2, or ECG) 
and, by proper signal conditioning, provides voltage VAD, which 
can be acquired by the A/D converter on the DSP.  

The VIN voltage is firstly filtered with passive first-order high-

pass filters, whose input impedance is 100 M, by far higher than 

skin output impedance (in the order of 100 k), thus reducing 
the load uncertainty to less than 1 %. The cut-off frequency of 

the input filter is (2L)-1=0.05 Hz. Then, an instrumentation 
amplifier with gain G (throughout the paper, GSPR and GECG are 
used for the SPR and ECG signals, respectively) amplifies the 
differential signal, and at its output, there is a third order, Sallen-

Key, anti-alias filter with time constant H (H,SPR and H,ECG for 
the SPR and ECG signals, respectively). The DC compensation 

block acts as a time integrator (with time constant I) of the 
difference between the amplifier output and VREF. The feedback 
loop composed of the amplifier and the DC compensation block 

acts as a high-pass filter with cut-off frequency (2I)-1, the 

chosen coincident with (2L)-1=0.05 Hz. In this way, all the DC 
non-idealities of the amplifier (offset voltage, bias current, offset 
current) are removed by the DC compensation block [10].  

The overall transfer function of the analogue front end thus, 
in the Laplace domain, results in  

𝑉𝐴𝐷(𝑠) = 𝑉𝑅𝐸𝐹(𝑠) +
𝜏𝐿

2𝑠2𝐺

(1 + 𝜏𝐿𝑠)2(1 + 𝜏𝐻𝑠)3
𝑉𝐼𝑁(𝑠). (1) 

The analogue front end is supplied with 3.3 V, and VREF = 
1.65 V, at half-supply range.  

 

Figure 1. (a) Overall system block diagram; (b) Sensor block diagram; (c) 
Analogue front-end block diagram.  
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The gain of the SPR1,2 channels is 𝐺𝑆𝑃𝑅 ≈ 160, since the 

input voltage that has a maximum amplitude of 10 mV must be 
converted into 3.3 VPP. The bandwidth of the SPR channels 
results in the range [0.08, 40] Hz with slopes +40 dB/dec for the 
lower cut off (0.08 Hz) and –60 dB/dec for the higher cut off 
(40 Hz).  

The gain of the ECG channel has been designed as 𝐺𝐸𝐶𝐺 ≈
680, since the input voltage that has a maximum amplitude of 

2.5 mV must be converted into 3.3 VPP. It is noticeable that 
ECG acquisition on the chest can provide signals with an 

amplitude of up to 5 mV, but the measurement on the hands 
(despite the comfort of using less electrodes) provides a weaker 
signal; thus the gain of the analogue front end is the quadruple 
with respect to traditional ECG chest bands. The bandwidth of 
the ECG channel results in the range [0.08, 160] Hz with slopes 
+40 dB/dec for the lower cut off (0.08 Hz) and –60 dB/dec for 
the higher cut off (160 Hz).  

2.2. DSP and A/D conversion 

ECG and SPR, once filtered and amplified, are sent to the 
analogue input port of a Digital Signal Processor (DSP), which 
acquires VAD and sends the acquired data to the WiFi module via 
a Universal Asynchronous Receiver Transmitter (UART). The 
DSP, a DSPIC 30F3013 from Microchip, has an on-board 12-bit 
analogue-to-digital converter and operates at 8 MIPS. The 
sample rate has been set at 500 Sa/s, which is high enough to 
capture ECG signals without overloading the CPU and the 
graphic card of a medium/low-performance tablet when used in 
real-time mode. The A/D conversion time has been set at 100 
µs with the aim of reducing the sampling transient effects far 
lower than 1 LSB.  

2.3. WiFi module 

The WiFi module is the USR-WIFI232 from USR IOT, which 
can operate both as an access point and as a station. In this 
application, it is configured as an access point so that several 
laptops or tablets can acquire data at the same time without the 
need for a server. The baud rate of the data transfer has been set 
at 115.2 kbps in order to allow for data transmission without 
crowding the channel.  

2.4. Software description 

The control panel used to acquire the data is shown in Figure 
2. It has been developed in the .NET framework due to the ease 
of programming the graphical user interfaces (GUIs). The 
software is designed to communicate with the SPR+ECG sensor 
and to plot, in real time, the signal showing the graphical markers 
with their comments when the subject receives some stimuli. At 

the top left of the GUI, it is possible to connect to the sensor by 
inserting the IP address of the access point and network SSID, 
and to start and stop the acquisition. In the middle left of the 
screen, it is possible to manually insert markers with their 
description and save the recorded data or load saved data. The 
top graph shows the left SPR, the middle graph shows ECG, and 
the bottom graph shows the right SPR. 

3. SENSOR CHARACTERISATION AND EXPERIMENTAL 
RESULTS 

Characterisation was done using three different test setups. 
The first test setup aimed to characterise the analogue and digital 
circuitry in terms of linearity and bandwidth, sending sinusoidal 
signals at inputs and measuring the sensor response with the 
oscilloscope. The second test setup sends, at the input of the 
sensor, a synthesised ECG generated by a waveform generator. 
It evaluates the R-R interval of the output with respect to the 
input using commercial software for ECG and HRV analysis. 
The aim of this second test setup was to quantify the accuracy of 
the HR readout by means of the jitter introduced by the sensor. 
The third test setup showed the necessity of measuring SPR with 
two channels when hands are moving and shows, for example, 
the extraction of the HR from ECG acquired from the hands. 

3.1. Metrological characterisation 

In this subsection, we present the experimental 
characterisation of the sensor in terms of linearity and 
bandwidth. For the characterisation, an automatic test 
benchmark has been developed, connecting an oscilloscope 
through the LAN and the sensor by means of WiFi. An ad hoc 
program developed in the Matlab environment controls the 
built-in waveform generator of the oscilloscope, measures the 
output of the measurements from the oscilloscope, and a robot 
code controls saving of the data transmitted from the sensor (by 
WiFi) to the panel described in Section 2.4. The aim is to 
automatise all the measurements in order to acquire the largest 
possible amount of data. After the data collection, the 
performance was evaluated in accordance with the Guide to the 
Expression of Uncertainty in Measurement (GUM). 

3.1.1. Linearity  

The waveform generator built-in digital oscilloscope (RIGOL 
DS2302A) has been set to provide a sinusoidal voltage VG with 
amplitude variable from 0 to 3.3 VPP in 100 linearly spaced steps. 
The frequency f0 of the sinusoid is fixed at the centre of the 

bandwidth, i.e. 𝑓0 = √𝑓𝐿𝑓𝐻, with value 2 Hz for SPR and 4 Hz for 
ECG. At the output of the generator, a resistive (0.1 % tolerance 

of the resistors) attenuator A with output impedance 1 M (to 
simulate skin behaviour) is connected to each channel of the 
sensor.  

In the case of SPR, A = 5.56810-3 (810-6), and in the case of 

ECG, A = 1.49710-3 (310-6). 
The uncertainty on the vector VIN (throughout the paper, 

vectors will be expressed in bold type) thus results in 

𝑢(𝑽𝑰𝑵) = √[𝐴 ∙ 𝑢(𝑽𝑮)]2 + [𝑽𝑮 ∙ 𝑢(𝐴)]2. (2) 

The RMS value of the output of the analogue front-end VAD 
is automatically measured with the same oscilloscope over 10 
periods of the sinusoid per each input amplitude. The gain is 
estimated by the least-squares method, supposing that the best 
estimation of VAD  is 

  

 

Figure 2. Control panel for the data acquisition.  
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𝑽𝑨�̂� = 𝐺𝑽𝑰𝑵 + 𝑏 . (3) 

Using 〈∙〉 to identify the mean value, the gain G is estimated 
accordingly as  

𝐺 =
〈𝑽𝑰𝑵𝑽𝑨𝑫〉 − 〈𝑽𝑰𝑵〉〈𝑽𝑨𝑫〉

〈𝑽𝑰𝑵
2〉 − 〈𝑽𝑰𝑵〉2

 . (4) 

Since both VIN and VAD are affected by uncertainty (from the 

manual of the oscilloscope u(VAD) = 0.02  VAD [20]), the 
uncertainty on the gain is obtained by propagating (4) as 

𝑢(𝐺) = √∑ (
𝜕𝐺

𝜕𝑉𝐼𝑁,𝑖

𝑢(𝑉𝐼𝑁,𝑖))

2

+ ∑ (
𝜕𝐺

𝜕𝑉𝐴𝐷,𝑖

𝑢(𝑉𝐴𝐷,𝑖))

2

, (5) 

where subscript i means the i-th value of the vector 
corresponding to the i-th input amplitude.  

After having characterised the gain, the linearity error is 
estimated as (referring to Equation (3)) 

𝑬 = 𝑽𝑨𝑫 − 𝑽𝑨�̂� = 𝑽𝑨𝑫 − 𝐺𝑽𝑰𝑵 − 𝑏 . (6) 

The uncertainty on the linearity error E can be obtained by 
propagating in Equation (6) the uncertainties in Equation (2) and 
Equation (5). Since the quantities VIN and VAD are the input and 
output of an amplifier, respectively, their correlation is expected 
to be very close to one (in the measured data, it results in 
0.999986). Therefore, according to the propagation of 
uncertainty, the uncertainty estimation of the linearity error E 
results 

𝑢(𝑬) = √[𝑢(𝑽𝑨𝑫) − 𝐺 ∙ 𝑢(𝑽𝑰𝑵)]2 + [𝑽𝑰𝑵 ∙ 𝑢(𝐺)]2 + [𝑢(𝑏)]2 . (7) 

Regarding the SPR channels, using Equation (2) to Equation 

(7) results in GSPR = 145.4  0.5, and the linearity error is in the 

order of 0.5 % FS, corresponding to 50 V on VIN. Figure 3(a) 
shows the linearity behaviour of the analogue front end. The 

error bars represent the uncertainty in Equation (7), where the 
most significant contribution is due to the uncertainty on the 
oscilloscope u(VAD).   

Regarding the ECG channel, using Equation (2) to Equation 

(7) results in GECG = 679  3 and the linearity error is in the order 

of 0.2 % FS, corresponding to 5 V on VIN.  
Figure 4(a) shows the linearity behaviour of the analogue 

front end; the error bars represent the uncertainty in Equation 
(7). Again, the most significant contribution is due to the 
uncertainty on the oscilloscope u(VAD). Referring to Figure 3(a) 
and Figure 4(a), there is a common trend in linearity between the 
channels SPR and ECG, which is related to the linearity 
behaviour of the oscilloscope used for the characterisation. 

Using a similar procedure, we characterised the linearity of the 
overall system, considering the uncertainty introduced by the 
A/D converter. We acquired the sent data with the control panel 
and evaluated the RMS value of the data sent over a time interval 
of 10 periods. Naming NQ the quantized values of VAD acquired 
during the characterisation and VFS the full scale of the A/D (i.e. 
3.3 V), the estimation of NQ, according to the least-squares 
method (3), is  

𝑁�̂� =
212(𝐺𝑽𝑰𝑵 + 𝑏)

𝑉𝐹𝑆

≡ 𝛼 ∙ (𝐺𝑽𝑰𝑵 + 𝑏) . (8) 

Considering from the DSP datasheet that the uncertainty 
introduced by the A/D is uQ = 2 LSB (which takes into account 
the quantisation and INL), we have  

𝑢(𝑁𝑄) = √(
𝜕𝑵𝑸

𝜕𝐺
𝑢(𝐺))

2

+ (
𝜕𝑵𝑸

𝜕𝑽𝑰𝑵

𝑢(𝑽𝑰𝑵))

2

+ 𝑢𝑄
2  . (9) 

Similar to Equation (6), we calculate the linearity error of the 
quantized values EQ as  

 

(a) 

 

(b) 

Figure 3. Linearity error of the SPR channels (a) for the analogue front end 
and (b) for the overall acquisition system. Error bars represent uncertainty in 
the data. 

 

(a) 

 

(b) 

Figure 4. Linearity error of the ECG channel (a) for the analogue front end and 
(b) for the overall acquisition system. Error bars represent the uncertainty on 
the data. 
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𝑬𝑸 = 𝑵𝑸 − 𝑵�̂� = 𝑵𝑸 − 𝛼𝐺𝑽𝑰𝑵 − 𝛼𝑏 (10) 

and the uncertainty on EQ as 

𝑢(𝑬𝑸)

= √[𝑢(𝑵𝑸) − 𝛼𝐺 ∙ 𝑢(𝑽𝑰𝑵)]
2

+ [𝛼𝑽𝑰𝑵 ∙ 𝑢(𝐺)]2 + [𝛼𝑢(𝑏)]2 . 
(11) 

Regarding the SPR channels, using Equation (8) to Equation 
(11), the linearity error is in the order of 0.7 % FS, corresponding 

to 70 V on VIN. Figure 3(b) shows the linearity behaviour of 
the quantised values. The error bars represent the uncertainty in 
Equation (11). Linearity and its uncertainty are in the same order 
as those estimated for the analogue front end.   

Regarding the ECG channel, using Equation (8) to Equation 
(11), the linearity error is in the order of 0.7 % FS, corresponding 

to 18 V on VIN. Figure 4(b) shows the linearity behaviour of 
the quantised values; and the error bars represent the uncertainty 
in Equation (11). 

3.1.2. Bandwidth  

For bandwidth characterisation, the waveform generator has 
been set to generate a sinusoid with an amplitude of 3.3 VPP and 
a frequency varying from 0.1 Hz up to 1 kHz, with 10 points per 
decade, logarithmically spaced. The attenuator described in the 
previous subsection is placed at the output of the generator. The 
frequency response of the gain is obtained by evaluating the RMS 
value of the output over 10 periods with respect to the RMS 
value of the input. Again, the oscilloscope acquires the RMS 
value of VAD, and the developed control panel acquires the RMS 
value of the transmitted data. 

Figure 6 shows the bandwidth behaviour of the SPR channels. 
The solid line represents the analogue front end, and the square 
markers represent the data sent to the laptop. The horizontal line 
represents the -3 dB amplitude, which defines the bandwidth. 
The upper cut-off frequency is 40 Hz, and the lower cut-off 
frequency is lower than 0.1 Hz, which is the limit of the 
waveform generator (according to the design, it is 0.08 Hz).   

Figure 5 shows the bandwidth of the ECG channel, the solid 
line represents the analogue front end, and the markers represent 
the entire system. The bandwidth results in the range [0.08, 160] 
Hz. 

3.2. Characterisation with synthesised ECG 

For the HRV analysis, accurate recognition of the R-peaks is 
crucial. For this reason, one of the main problems related to 
HRV analysis is the jitter introduced by the sensor analogue 
bandwidth and the sample rate. In this subsection, we show the 

results of an RR-tachogram acquired by the proposed sensor 
when the input is a synthesised ECG provided by an arbitrary 
waveform generator. For the purposes of comparison, the data 
is simultaneously acquired and saved by an oscilloscope from the 
sensor and from the generator, used as references. The 
synthesised ECG has a frequency of 1 Hz and an amplitude of 2 
VPP. The input voltage (after the attenuator) thus results in 3 
mVPP, and the analogue front-end output is 2 VPP.  

Figure 7 shows, as an example, a comparison between the 
PQRST wave acquired by the oscilloscope from the generator 
and from VAD. The R-peak is shifted because of the analogue 
bandwidth of the sensor.  

In order to quantify the jitter introduced by the sensor, the 
signal was acquired for 2 mins, and the data of the generator and 
sensor were processed using Kubios software [21].  

Figure 8 shows a comparison between the RR-tachogram 
acquired by the oscilloscope from the sensor and from the 
generator. With the same input, the jitter on the R-peak 
recognition from the proposed sensor is slightly higher than the 
reference generator. 

The standard deviation of the tachogram in Figure 8 is 900 µs 
for the generator and 1.9 ms for the sensor. The correlation 
between the two signals is lower than 4 %; therefore, we can 
conclude that the jitter introduced by the sensor is in the order 

of √1.92 + 0.92 ms ≈ 2 ms. 
 The quantised data acquired by the overall system exhibits 

similar behaviour. It is slightly worse, presenting a jitter in the 
order of 2.3 ms; in any case, the jitter introduced by the sensor is 
close to the sample rate i.e. the lower bound for jitter 
performance.  

 

 

Figure 5. Bode plot of the gain relative to the ECG channel. Continuous line: 
analogue front end. Markers: overall acquisition system. The horizontal line 
represents the -3 dB cut off. 

 

Figure 6. Bode plot of the gain relative to the SPR channels. Continuous line: 
analogue front end. Markers: overall acquisition system. The horizontal line 
represents the -3 dB cut off. 

 

Figure 7. PQRST wave acquired at the generator (dashed line) and at the 
output of the analogue front end (solid line). It is possible to see a small jitter 
introduced by the analogue bandwidth. 
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3.3. Signal acquisition from hands in motion 

Figure 9(a) shows a comparison between SPR1 and SPR2 
when the hands are moving in the time interval of 2 mins. In 
particular, the rectangles evidence a small movement of the right  
hand and a strong movement of the left hand, with high 
disturbance of electrode contact. In the case of the small 

movement, the hand was just grasping an object; in the case of 
the strong movement, the person was tightening their fist against 
the electrode. In Figure 9(a), it is shown that without the 
movement, both channels are identical (trace in the interval 0 – 
60 s), and when tightening the fist (trace in the interval 80 – 95 s), 
the artefact can be up to five times the actual SPR signal. With a 
single-channel EDA sensor, these peaks could be identified as 
stress peaks instead of motion artefacts. With a dual SPR 
channel, instead, it is quite simple, with several algorithms (e.g. 
independent component analysis, principal component analysis, 
adaptive filtering) used to discriminate artefacts from 
sympathetic pulses. Using adaptive filtration techniques, for 
example, it is possible to improve the accuracy to 10 %. 

Figure 9(b) shows the ECG, in the same session over the same 
time interval, acquired from the hands. Even if the trace is a little 
bit noisier with respect to traditional derivations on the chest, the 
PQRST wave is easily visible and processable. Figure 9(c) in fact, 
shows the extracted HR without any artefact due to noise or 
movements. 

3.4. Comparison with chest acquisition  

In previous subsections, we have characterised the 
performance of the sensor itself, neglecting the uncertainty due 
to the ECG-on-hands methodology. In this subsection, we 
compare the ECG readout from the proposed sensor on the 
hands, with a reference instrument acquiring ECG on the chest. 
In order to verify the performance of the proposed sensor, the 
ECG has been acquired simultaneously from the hands and from 
the chest, using the Shimmer system as a reference [23]. A 
Shimmer 3 EXG unit has been configured, with sample rate 1024 
Sa/s posing three electrodes on the chest, at standard ECG 
positions V1 and V2, and the reference electrode was posed on 
the lower right side of the chest. The proposed sensor was 
connected as shown in Figure 1, and the acquisition ran 
simultaneously with the Shimmer system. The acquisition 
duration has been set to five minutes, which is typical for HRV 
analysis. During acquisition, no artefacts were recorded on both 
systems.  

Figure 10(a) shows the ECG traces from the chest (red line) 
and from the hands (blue line). The ECG acquired from the 
hands is a little bit noisier (due to the acquisition being far from 
the heart), but the R-peaks are well identifiable on the trace. For 
this reason, it is inconvenient to implement other 
hardware/firmware filters on the sensor that could increase the 
jitter. Filtering instead in post processing, the noise can be easily 
removed without introducing jitter by filtering in forward and 
reverse directions.  

Figure 10(b) shows the extracted tachograms from the chest 
(red line) and from the hands (blue line). From a qualitative point 
of view, it is plain to see that all the R-peaks have been identified 
without artefacts.  

From a quantitative point of view, we compared the HRV 
analysis computed by Kubios from both systems. In Table 1, we 
show the obtained results. Table 1 compares several standard 
parameters for HRV analysis, like the mean RR interval, the 
standard deviation normal-to-normal (SDNN), the mean HR, 
and the root mean square of successive differences (RMSSD). As 
evidenced, even if the signal on the hands is noisier, the results 
differ less than 4 %. In addition, we evaluated the difference 
between the traces shown in Figure 10(b) and obtained a 
standard deviation on the difference of 4 ms. This result has the 
same order of magnitude of the sample rate; therefore, the ECG-

 

Figure 8. RR-intervals acquired from the sensor (dashed line) and from the 
generator (solid line). 

 

(a) 

 

(b) 

 

(c) 

Figure 9. (a) Motion artefacts on the SPR channels; combining the two signals, 
it is possible to discriminate the sympathetic pulses; (b) ECG acquired from 
the hands; the box is a zoom of the ECG signal; (c) extracted heart rate. 
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on-hands methodology can provide results with an accuracy 
comparable to the usual measurements on the chest. 

4. CONCLUSION 

The paper describes the design and characterisation of a 
wearable sensor for the simultaneous measurement of dual-
channel EDA and ECG from the hands. Thanks to the dual-
channel measurements, it is possible to improve the removal of 
motion artefacts that may affect EDA measurements.  

The choice of ECG measurement from the hands improves 
the invasiveness of usual ECG sensors (which require the user to 
wear a vest or a chest band), and it is obtained using the same 
electrodes used for EDA. 

The characterisation of the sensor showed high-level 
performance in terms of linearity, bandwidth, and jitter, even if 
the ECG is acquired where the signal-to-noise ratio is much 
lower than usual chest derivations. 
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