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Abstract: Various noninvasive measurement devices can be used to assess cervical motion. Size, 
complexity and cost of gold-standard systems make them not suited in clinical practice, and actually 
difficult to use outside dedicated laboratory. Nowadays, ultra-low-cost inertial measurement units 
are available but without any packaging nor user-friendly interface. DYSKIMOT is a home-
designed, small-sized, motion sensor based on the latter technology, aiming at being used by 
clinicians in “real-life situations”. In the present study. DYSKIMOT was compared with a gold-
standard optoelectronic system (Elite). Our goal was to evaluate the accuracy of DYSKIMOT in 
assessing the kinematics in fast head rotations. Kinematics was simultaneously recorded by the 
DYSKIMOT and Elite systems during the execution of the DidRen Laser test and performed by 15 
participants and 9 patients. Kinematic variables were computed from the position, speed and 
acceleration time series. Two-way ANOVA, Passing-Bablok regressions and Dynamic Time 
Warping analysis showed good to excellent agreement between Elite and DYSKIMOT, both at the 
qualitative level of the time series shape and at the quantitative level of peculiar kinematical events’ 
measured values. In conclusion, DYSKIMOT sensor is as relevant as a gold-standard system to 
assess kinematical features during fast head rotations in participants and patients, demonstrating 
its usefulness in clinical practice or research in ecological environment.  
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1. Introduction 

Neck pain is a frequent neuromusculoskeletal symptom with a prevalence ranging from 22 to 
70%, increasing with age and most common in women around 50 years old [1]. As it is the fourth one 
leading cause of years lived with disability in 188 countries during the period 1990-2013, as concluded 
in Vos et al. [2], the correct identification of the etiology of neck pain is therefore a societal issue. 
However, probably due to imperfect diagnosis, majority of neck pain are still nowadays called “non-
specific” [3].  

According to the Bayesian inference by which the probabilities of various hypothetical causes 
are calculated from the observation of known events, a medical diagnosis indicates that one disorder 
(eg. muscular, discogenic, lack of sensorimotor control, ...) more than another is probably the cause 
of a patient's symptoms, and thus, need investigations to reinforce or refute this [4]. This way of 



 

 

thinking leads us to believe that appropriate diagnostic and the resulting therapeutic pass through 
investigations of the data analysis of the quantitative (strength and range of motion) and the 
qualitative (sensorimotor appraisal) assessment of the neck [5-8]. As a result, clinicians are showing 
increasing interest in systems that can monitor movements, with the hope of better defining their 
patients' clinical picture by focusing on head motion [8-10]. 

Various noninvasive three-dimensional motion capture systems are used in the field of cervical 
research in order to evaluate kinematic variables going beyond simple range of motion such as speed, 
acceleration and deceleration : electrogoniometers [5], ultrasound waves [11], optical-based systems 
[12, 13] and inertial sensors [14] and so on. Nevertheless, their dimension, complexity and cost make 
such systems often difficult to use outside dedicated laboratory. The need for compact, user-friendly 
and low-cost measurement devices that can bring relevant information in everyday clinical practice 
is therefore obvious and goes beyond neck exploration, although we chose to focus on that topic in 
the present study.  

Inertial sensors (IMUs) began to be applied to human movement study before 2000 [15]. IMUs 
consist at least of accelerometers and gyroscopes which are generally organized in orthogonal triads 
in order to obtain a three-dimensional measurement [16]. Most often, IMUs are supplemented by 
magnetometers and thermometers. This technology has the advantage of not requiring external 
equipment such as cameras to get the orientation and position of the human segments, and it does 
not limit the subject's movement to the volume covered by the cameras. IMUs thus seem then to be 
the appropriate basic tool to design a device which could be easily used in a clinical and ecological 
environment [17, 18]. Note that this technology suffers of high measurements noise and drift [19] that 
can mostly be cured by a Kalman filter [19].  Nowadays, large-scale production of IMUs sensors 
make them affordable compared to gold-standard systems but nevertheless the prices are several 
thousand euros (e.g. Vicon®, XSENS®). Other IMUs may indeed be bought at typical prices less than 
50€, still without any packaging nor user-friendly interface.  

It is in this context that our team designed a small-sized, light, and ultra-low-cost inertial sensor 
called DYSKIMOT. After first tests in laboratory, our goal was to evaluate the accuracy of DYSKIMOT 
compared with a gold-standard optoelectronic system when performing a clinical sensorimotor test 
developed by Hage et al. (i.e. the DidRen-Laser Test) in small groups of participants and neck pain 
patients [20]. According to the literature, we selected different dynamic outcomes to evaluate our 
DYSKIMOT [21, 22]: range of motion, peak speed, average speed, peak acceleration and peak 
deceleration.   

2. Materials and Methods 

2.1. Participants 

Fifteen cervical non-disabled participants (NDP) (3 females, 12 males) and 9 cervical disabled 
patients (DP) (4 females, 5 males) were recruited from students in University hospital and among 
researchers’ patients to participate in this study, see Table 1. Inclusion criteria for NDP were the 
absence of neck pain episodes in the last 6 months and a Neck Disability Index (NDI) [23] score of 
less than or equal to 8%. Inclusion criteria for the DP were a numeric pain rating scale (NPRS) equal 
to or greater than 3/10 [24] and an NDI >8%. Exclusion criteria were for NDP and DP: impaired 
cognition, blindness, deafness, dizziness or vestibular disorders diagnosed by a physician. 
Participants and patients did not exhibit any neuromusculoskeletal or neurologic disorder that could 
influence the performance of head rotation in the horizontal plane. The participants signed informed 
consent. The individuals in this manuscript have given written informed consent to publish their case 
details. The study was approved by the local ethics committee (Comité d’Ethique Hospitalo-
Facultaire Saint-Luc-UCL (IRB 00001530)) and conducted in accordance with the declaration of 
Helsinki. 



 

 

Table 1. Characteristics of the participants in NDP and DP groups. Data are given either under 
mean±SD or median [Q1-Q3] form. 

 NDP (n=15) DP (n=9) 
Age (years) 24±3 53±7 

Gender (men/women) 12/3 5/4 
BMI (kg/m2) 22.2±2.7 21.8±2.3 

NDI (%) 0 [0-0] 14 [10-16] 
NPRS ( /10) 0 [0-0] 3 [0-0]1 

1 SD = Standard Deviation, BMI = Body Mass Index, Q1 = First Quartile, Q3 = Third Quartile, NDI = Neck 
Disability Index. NPRS = Numeric Pain Rating Scale, NDP = Non-Disabled Participants. DP = disabled 

participants. 
 

2.2. The DidRen Laser Test 

The DidRen Laser Test [20] was used to assess neck mobility through standardized axial 
rotations of the head in NDP and DP. After having watched an explanatory video, the participant 
sited on a chair with backrest, without armrests, placed at 90 cm from a vertical panel equipped with 
3 targets (LEDs) arranged horizontally and located 52 cm apart (Figure 1). An adjustable helmet with 
a laser beam attached on the top was worn by the participant (Figure 2). The experimenter (RH) 
adjusted the helmet so that the laser hit the central target while the participant was in a neutral 
position before the test begins. The instructions were the same for all participants: “You must reach 
the targets as fast as you can and perform the head movement without moving your shoulders”. The 
targets were then turned on in a predefined sequence and the participant’s task is to rotate his/her 
head so that the laser beam hit the target as quickly as possible. We must specify that when the laser 
beam was stabilized by the participant on a target for at least 0.5 s the target LED let up and an audible 
signal was emitted. A complete test was composed of 5 cycles of cervical axial rotation to the right 
and left sides respectively. A first test was carried out to familiarize the participant and a second for 
data recording and analyses [20]. 

 
Figure 1. (A) DidRen Laser Test installation device. (B) Schematic view from above. The passage from 
one target to another induces an axial rotation of the head of 30° either to the left or to the right sides 
of the bodyline. (C) The Helmet worn by the participant with the Laser on the top. The DYSKIMOT 
sensor can be seen (red circle) at the front of the helmet.  



 

 

 

Figure 2. (A) Infra-red cameras (ELITE, BTS, Milan, Italy). (B) Head axis of rotation is denoted as X. 
(C) Placement of the reflective markers on the head.  

 

2.3. Motion sensors 

2.3.1. Elite system (BTS) 

An optoelectronic system composed by 8 infra-red cameras (ELITE, BTS, Milan, Italy) (Figure 3 
A) with sampling frequency of 𝑓 ̅ = 200 Hz test carried out the three-dimensional recording of the 
markers on the helmet during the DidRen Laser. A kinematic model composed of 3 markers on a 
helmet and fixed during all experimentations representing the head was used and adapted from [25] 
(Figure 2 C and D). Helmet markers were positioned such that one was just aside the top of the head 
(Top H) and positioned next to the laser, and two on each side of the head (R.H and L.H) (Figure 2 
C). Coordinate system is such that the axis of rotation for axial rotations of the head is X (Figure 2 B). 
The movement occurred around the global coordinate system. The system was previously calibrated 
within the infra-red camera's field of view [25].  

Angular displacement time series of the head, 𝜃̅$ , has been computed from the coordinates of 
the markers as described in details in [26]. The angular velocity was computed as 𝜔&$ =

(&)*+,(&)-+
.	.1.∆3̅	

, with 

n=5 and ∆𝑡̅ =1/𝑓 ̅ and, similarly, the angular acceleration as been computed as 𝛼6$ =
7&)*+,7&)-+
.	.1.∆3̅	

. 

 

2.3.2. DYSKIMOT 

The DYSKIMOT sensor is based on the MEMS IMU LSM9DS1 (SparkFun), its weight is 
10.44 gr and its size is 3x3 cm (Figure 3 A and C). It is composed of 3-axis accelerometer, 
gyrometer and magnetometer, plus a temperature sensor (Figure 3 B). These internal 
components respectively measure acceleration (in[g], ±16[g]), angular velocity (in[°/s], 
±2000[°/s]) and magnetic field (in[gauss], ±16[gauss]). It works between -40°C and + 85°C and 
the sensitivity depends on the sensor and the selected range (i.e: 0.061mg/LSB with 
accelerometer at ± 2g). Communication with other electronic components is made via SPI or I2C 
protocol. The data recorded at a sampling frequency f = 100 Hz are transmitted to a PC via an 
Arduino Uno Rev 3 and a USB cable (RS232 serial link). The Arduino contains the data recovery 
program, using the SparkFun library provided for this sensor, and transfers them to a home-
made acquisition software.  



 

 

The DYSKIMOT sensor has been placed in front of the helmet (Figure 1 C), which is the 
most reliable position to record cervical axial rotation [6]. The X-component of angular velocity 
measured by the gyroscope is recorded, i.e. the time series 𝜔$ . A trapezoidal integration gives 
the head’s rotation angles 𝜃$  while the derivative 𝛼$ =

7)*+,7)-+
.	.1.∆3	

 with n=5 and ∆t =1/f gives the 
head’s angular acceleration. Angles computed from the gyroscope show a linear drift. Since the 
DidRen Laser Test consists in quasi-periodic rotations of 30° around a neutral position, an 
straightforward way of removing the drift is to subtract the least square regression line from the 
time series 𝜃$. Notice that Elite (DYSKIMOT) time series are written with (without) a bar.  

 
Figure 3. (A) Micro Electro-Mechanical Systems (MEMS). (B) 3-axis accelerometer, a 3-axis gyrometer, 
a 3-axis magnetometer and a temperature sensor. (C) Dimension of the DYSKIMOT.  

 

Figure 4. (A) Servo motor + housing adapted to its axis to fix an IMU. (B). Angle = 0°, (C). Angle = 
+30°, (D). Angle = -30°. 

 

Before using the DYSKIMOT in this study, a test was performed using a sensor attached to a 
servo motor (see Figure 4) to mimic the sequence of the cervical axial rotation during the DidRen 
test, i.e. angles from 30° to the left and right by going back through the 0 angle (Figure 4). The servo 
motor with an Arduino Uno Rev 3, has been programmed to perform the sequence repeatedly. The 
result can be seen in Figure 5. The sensor is kept static duting the first 20 s of the test. The linear 
drift is clearly observable on the raw angular data and the parameters of this line are computed by a 
least squares regression. Then comes the activation of the actuator and the beginning of the 
sequence (around 25 s). The fitted linear drift is eventually subtracted from the raw angular data. 
As it can be observed in Figure 5, such a procedure is satisfactory for time series having the typical 
behavior of the DidRen Laser Test. Such a procedure may actually work in all cases, including non-
perriodic tests. The regressin line parameters may even be stored provided they do not change over 
time or with temperature.  

(A) (B) (C)
Figure 107 – Valeur des angles bruts et corrigés au côté des vitesses angulaires

Comme on le constate, le calcul de la régression intervient après la prise de mesure, ce qui peut être
problématique lors de petit test ou de test non-périodique comme dit précédemment. C’est pour cela
que les coe�cients de la régression sont indiqués dans le fichier. De cette manière on peut vérifier via
le R2 que la régression est valable ou non.

Une méthode d’amélioration intermédiaire (déjà applicable avec cette version du programme) consiste
à laisser le capteur dans une position fixe pendant un certain temps (20[s] à 30[s]) et ensuite e�ectuer
le test voulu. De cette manière, la régression sera calculée sur l’ensemble des points à la di�érence prés
que tout le début n’est autre que la dérive du capteur lorsqu’il est en position fixe. La droite de la
régression va donc essayer le plus possible de correspondre à la droite de la dérive. Un test à été fait
grâce à un capteur fixé sur un servo-moteur (voir Figures 108 à 111) afin de reproduire la séquence
d’un test clinique du partenaire montré dans le rapport précédent (DidRen, rotation axiale).

Figure 108 – Servo-moteur + boitier adapté à son axe pour y fixer un IMU
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  Figure 5. Example of linear drift due to integration of DYSKIMOT’s raw angular velocity (red line) 
and correction of the drift of the test angle Z with the servo motor (blue line). The corrected angle 
(blue line) is obtained by subtraction of the regression line to the raw angle. This plot has been 
obtained by fixing the DYSKIMOT sensor on a servo motor (MG995, Tower Pro) performing 
successive and opposite rotations of amplitude 30°.  

 

2.4. Data analysis 

The following parameters were computed from the available time series 𝜃̅, 𝜔&, 𝛼6 (Elite) and 
𝜃,𝜔, 𝛼  (DYSKIMOT) (Figure 6): (1) angle (range of motion, in °); (2) peak angular velocity 
(maximum angular velocity reached, in °s-1); average angular velocity (in °s-1); (3) peak angular 
acceleration (maximum angular acceleration reached, in °s-2); (4) peak angular deceleration 
(minimum angular acceleration reached, in °s-2 ). All parameters were calculated during each 
cycle and averaged on the 5 cycles achieved by each participant, see Figures 6 and 7 for a 
graphical illustration of our computational procedure. Although our goal is to characterize the 
agreement between Elite and DYSKIMOT sensors for ND and NDP participants, it is worth 
saying at this stage that the computed parameters are of clinical interest. As showed in [9,10] for 
example, neck velocity during fast rotation has sensibility and specificity to discriminate 
between nonspecific neck pain and healthy control people. 

 

 

 



 

 

 
Figure 6. Typical plots of variables analyzed during one right rotation in a DP (34 yrs, Male, NDI = 
22, NRPS= 5) and an NDP (25 yrs, Male, NDI = 0, NPRS = 0). Elite curves (dotted lines) can be 
compared to DYSKIMOT ones (solid lines). Computed parameters are illustrated by blue (Elite) or 
red (DYSKIMOT) arrows. (1) angle; (2) peak angular velocity; (3) peak angular acceleration; (4) peak 
angular deceleration.  

 

 

 

 



 

 

 

Figure 7. Comparison of an example of Elite and DYSKIMOT typical traces of the head motion during 
the 5 cycles of the DidRen Laser Test in an DP (51 yrs, female, NDI=14, NPRS=3). Cursors indicating 
the beginning (red) and end (green) of one rotation movement are shown. 

A Passing-Bablok regression of the DYSKIMOT vs Elite results was performed on the individual 
values of the parameters for DP and NDP simultaneously so that the agreement between both sensors 
can be appraised and summarized by a “calibration line”.   

A two-way ANOVA was then used to assess potential differences between the two systems 
(System factor: Elite or DYSKIMOT) and between the groups (Status factor: NDP or DP) for the 
parameters mentioned above. When the ANOVA indicated significant interaction, a post hoc Holm-
Sidak analysis with pairwise multiple comparisons was carried out. Significance was fixed at p<0.05 
and all statistical procedures were performed with SigmaPlot 13 (Systat Software, Inc).  

Finally, a dynamic time warping (DTW) analysis (without windowing) was carried on the 
z-normalized data and the Euclidian DTW distances between the time series angle (𝜃, 𝜃̅	) , 
angular velocity (𝜔,𝜔&), angular acceleration (𝛼, 𝛼6) for DYSKIMOT and Elite were calculated 
for all the participants and then averaged. Recall that the z-normalization consists in replacing a 
time series X by ;,<(;)

=>(;)
 , E and SD denoting the average and standard deviation respectively.  

The Passing-Bablok regressions and the DTW were performed by using R v3.4.2 and the 
packages mcr and dtw. 



 

 

3. Results 

A total of twenty four participants were recruited; the main features of our population are listed 
in Table 1.  

Results of the two-way ANOVA are shown in Table 2. A statistically significant difference was 
observed in the angle (p<0.001) and average angular velocity (0.022) for the System factor, i.e. Elite 
and DYSKIMOT lead to different means. Neither the Status factor nor the interaction effects lead to 
statistically significant differences.  

Table 2. Results of the two-way ANOVA performed on the parameters. p values are given for the 
differences between Elite and DYSKIMOT (System), between DP and NDP (Status) and for the 

interaction effect System x Status. p values lower than 0.05 are given in bold font. 

Table 3. Results of the two-way ANOVA performed on the parameters. p values are given for the 
differences between Elite and DYSKIMOT (System), between DP and NDP (Status) and for the 

interaction effect System x Status. p values lower than 0.05 are given in bold font. 

 Slope Offset r 
Angle (°) 0.908 [-2.09, 1.86] 4.34 [-20.6, 82.5] 0.431 

Average angular 
velocity (°s-1) 

 
0.922 [0.713, 1.32] -0.518 [-18.0, 7.57] 0.694 

Peak angular velocity 
(°s-1) 

1.01 [0.942, 1.11] 2.80 [-5.27, 10.2] 0.906 

Peak angular 
acceleration (°s-2) 

1.10 [0.939, 1.20] 7.71 [-50.4, 125] 0.922 

Peak angular 
deceleration (°s-2) 

 
1.04 [0.906, 1.13] 43.1 [-0.623, 131] 0.918 

    

 
 

ANOVA  
Difference of the means 
(Dyskimot-Elite or DP-NDP) 

p  

Angle (°) 

System 1.76 <0.001 
   

Status -0.398 0.157 
System x Status  0.094 

Average angular 
velocity (°s-1)  

System -5.50 0.022 
Status 1.72 0.462 

System x Status  0.655 

Peak angular 
velocity (°s-1) 

System 5.74 0.498 
Status 6.22 0.630 

System x Status  0.708 
Peak angular 
acceleration    

(°s-2) 

System 89.9 0.282 
Status 59.8 0.473 

System x Status  0.880 
Peak angular 
deceleration    

(°s-2) 
 
 

System -81.3 0.261 
Status -46.6 0.517 

System x Status  0.955 



 

 

Results of Passing-Bablok regressions are shown in Table 3. The slopes were close to 1, the best 
agreement being observed for the peak angular velocity, and Pearson’s coefficients range from 0.431 
to 0.922, i.e. moderate to excellent linear correlation between DYSKIMOT and Elite results. The 
agreement between both systems can be graphically appraised in Figure 8.  

The DTW distance (d) allows for an estimation of the closeness of DYSKIMOT and Elite systems 
for the whole time series, not only for selected valued. We obtained 5.16±2.68, 8.82±5.80 and 14.40 
±7.14 for angle, angular velocity and angular acceleration time series respectively. Typical traces are 
shown in Figure 9. 

 

Figure 8. Passing-Bablok regressions showing the individual parameters computed from the 
DYSKIMOT and Elite data (points). The regression line (solid line) is given and compared to 
the identity line (dotted line). The 95% confidence interval for the linear fit is also displayed 
(colored band). 
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Figure 9. Typical plots of DTW matching between Elite (black solid lines) and IMU (red dashed 
lines) analyzed for z-normalized in one NDP (22 yrs, Male, NDI = 0, NRPS= 0) participant. The 
DTW distance is added for completeness. 

4. Discussion 

The two-way ANOVA revealed that angle and average angular velocity were significantly 
different between the two systems. The difference in angle (1.76°) which is probably due to our 
“naïve” drift removal is nevertheless lower than the standard clinical angle evaluation via classical 
goniometry: An accuracy of 5° is reported [27], even more than the mean difference obtained between 
Elite and DYSKIMOT angle. Such significant difference observed between the two systems is not 
relevant, as specified by Cuesta-Vargas et al. [28], showing that an error of 2° is acceptable in most 
clinical situations. Concerning the average angular velocity, the difference of -5.50 °s-1 may come from 
the errors induced by the derivation of the Elite position. Fortunately, this result is lower than the 
difference necessary to reveal significant difference (7.1 °s-1) between adults and children [22]. 
Nevertheless, the clinical significance of a such difference is still not known. Apart from these 
differences, two other ANOVA results may be noted. First, as in [29], no significant difference 
between DP and NDP were observed for all variables studied. Second, the interactions effects (System 
x Status) do not induce significant differences. Hence DYSKIMOT and Elite systems are equally able 
(or unable) to assess DP and NDP from the parameters computed.   

Many articles used Bland and Altman's method to evaluate the agreement between two 
measurements of the same magnitude [30, 31, 32]. As this method does not give any quantified results 
on the comparison and leaves the user to decide whether this agreement is clinically acceptable or 
not, we preferred to analyze the agreement between DYSKIMOT and Elite by resorting to Passing-
Bablok regressions [33, 34]. The Passing-Bablok regression method is a non-parametric method for 
estimating the slope and the intercept of the linear relationship between two compared measures 
[34]. These two parameters are valued by medians and have the benefit of being less sensitive to 



 

 

extreme data and not making assumptions about the distribution of errors [33]. In our results, the 
Passing-Bablok lets appear that the link between same parameters computed from both systems is 
well compatible with a linear shape (r = 0.694 to 0.922) for all parameters but angle, for which 
Pearson’s coefficient is rather weak (r = 0.431) [35]. Nonzero offsets are observed but the 95% 
confidence intervals are large and always contain 0 value, while the slope are close to 1 (up to 10% 
accuracy) with 95% confidence intervals always containing the value 1. Assuming that Elite results 
are gold-standard values, the Passing-Bablok regressions could be used to re-calibrate the 
DYSKIMOT data so that values get closer to the Elite ones. 

Although DTW has been known in the field of acoustic signal comparison [36], it has also been 
proposed for the purposes of similarity analyze during functional pattern of gait [37] but never to 
compare motion neck signals obtained by two different devices. DTW is, by definition, sensitive for 
measuring two sequences with different lengths using dynamic programming [38]. In this work, the 
DTW distance between Elite and DYSKIMOT curves was adopted as an indicator of the similarity 
(up to an affine transformation) between the curves. In other words, the question was: Do both 
systems measures the same qualitative behaviors in position, angular velocity and angular 
acceleration? Although the angle is in poor agreement between both systems, the DTW distance 
between DYSKIMOT and Elite angle is minimal: This result is expected since the structure of angle 
is well simpler than angular velocity and angular acceleration. The DTW distance then increases 
between the angular velocity and the angular acceleration of the DYSKIMOT and Elite systems.  This 
mostly results in the noise induced by the successive derivations, showing that qualitative features 
of these curves, especially the angular acceleration, should be interpreted carefully and might be 
artefacts of the sensor used.   

The identification of particular kinematic events is relevant for clinical assessment of patients, 
but the global shape of time series may contain more information of clinical interest. In our case for 
example, it is known that neck pain patients have poorer sensory-motor control with open eyes, 
characterized by an increase in joint positioning error and a decrease in speed and acceleration during 
all movements [39]. The absence of difference in our kinematics data between patients and 
participants could seem unexpected as previous studies showed significant differences in terms of 
kinematics [8, 40]. However this absence of difference could be explained by our sample size, which 
was probably not large enough to be able to give this kind of result, and by the difficulty for the 
DidRen laser to discriminate between such groups [41, 42].  

An obvious limitation of the present study is that we restricted our comparison of Elite and 
DYSKIMOT to cervical movements, while potential clinical applications may involve any other joints. 
Another limitation lies in the fact that we used “naïve” drift correction posteriorly to data acquisitions 
and must be implemented in real-time in the software. Moreover, the software is perfectible in the 
goal of clinical use. 

We can conclude from the DidRen Laser Test that DYSKIMOT- based analysis compares fairly 
well to a gold-standard system up to linear errors. That ultra-low-cost sensor may thus bring reliable 
information to the clinician in real-life situations. 
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