
3.2. Battery test

3.2 Battery test

The device is designed to be used continuously in an ecological environment, so

autonomy plays a fundamental role in its correct clinical application. The battery life

test aims to analyse the average battery life under controlled conditions (fully charged,

standard temperature).

3.2.1 Methods

For the device’s autonomy analysis phase, n = 9 identical prototypes were used. In this

configuration, the Sentry is equipped with a 600 mAh battery, shown in Appendix E,

Bosch BNO080 sensors, without the microSD save interface. For the entire duration

of the test, the Bluetooth module was kept on in search mode so that the user could

randomly check the correct functioning of the device by connecting to it to read the

data in real-time. Each such inspection lasted a maximum of 15 s per device.

A shared source (multi-port USB hub) was used for charging in order to synchronise

the charging and discharging phases in time and guarantee identical test conditions.

The tests were repeated in conditions of constant temperature, equal to T = (20± 2)◦C.

The different Operating States of the device were identifiable by observing the appro-

priate LEDs, as shown in Fig. 2.5. The Status LED (LS, blue) and the Charging LED

(LR, red) remain on during charging. LR turns off when charging is complete, while LS

starts flashing with a frequency of about 1 s. The device then begins reading data and

searching for a Bluetooth connection.

Once the full charge was reached, the external power supply of the hub was removed,

and the measurement phase began. This phase consisted of two macro-phases, iden-

tified by the letters A and B. Taking into account a pilot measurement in which an

autonomy close to 12 h was recorded, the test started with a waiting phase of ∆Ta = 9h

during which no observations were carried out, waiting for the gradual discharge

of the device. The first observation took place at the time T2 = T1 + ∆Ta. From T2

onwards, phase B began in which the observation was repeated in successive times

Tn spaced by intervals ∆Tb = 1h, verifying the status of all devices, until reaching the

final time Tf in which they were all off. The procedure is illustrated in Fig. 3.2. Once

the procedure was completed, a new cycle was continued, powering the devices again
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3.2. Battery test

Figure 3.2: Illustrative diagram for the battery test procedure. From Tf the battery is
fully charged to reiterate the procedure.

until the full charge was reached (LR off).

3.2.2 Results

Out of 17 sessions performed, two were discarded due to a deviation from the pro-

tocol described above. For each session, the number of devices still on in the various

observation Tn was noted, shown in Tab. 3.1. Since no shutdowns were observed for

each session before 10 h after the time T1, only the Tn values were reported such that

Tn−T1 ≥ 11h. Considering that the observations were spaced by an interval ∆Tb = 1h,

the expected autonomy value is equal to (12.0±0.8) h.

3.2.3 Conclusions

The autonomy of the Sentry device with a 600 mAh battery was studied through

a procedure repeated nrep = 15 times on n = 9 different devices, obtaining 135

measurements whose average provides an expected autonomy of (12.0± 0.8) h.
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Table 3.1: Number of devices turned on in the different times Tn during the battery test.

Session No. 11 h 12h 13h
1 6 3
2 9
3 9
4 9
5 9
6 7 2
7 9
8 6 3
9 9
10 9
11 9
12 9
13 3 6
14 9
15 7 2

Total 18 101 16
% 13 75 12

3.3 Laboratory test setup

Introduction

The robotic arm is an internal project developed by Swhard S.r.l., designed to allow

repeatable rotations to test inertial sensors. At the beginning of the PhD, the hardware

part had already been developed. The main parts are 3D-printed, and the gears are

made of aluminium. The chosen materials are designed to minimise magnetic distortion

effects that could influence the measurement of the magnetometers in inertial sensors.

The arm is built around three stepper motors, model Nema 17 produced by PBC Linear,

which scheme is shown in Fig. 3.4. These motors are capable of 6000 steps/s with 200

steps/rev and a step accuracy of 5% [PBC, 2021]. These motors control the arm through

direct gears and a rubberised belt.

An Arduino 3-axis CNC/Stepper Motor Shield controls the steppers [Handston, 2018].

The control code, written with the Arduino IDE, allows setting position, selecting the

movement speed and aligning the axis to their rest position.

The rest position is needed to start all the movement sessions from a repeatable and
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3.3. Laboratory test setup

Figure 3.3: The Motorola MOC78xx photodiode used for the axis alignment, from the
Datasheet.

Figure 3.4: Scheme of the stepper motors, from the Datasheet.

fixed position. Since the stepper motors do not have a position control, it is necessary

to define the zero position every time the board is restarted. The zero definition is

performed with three photocells, one for each axis of rotation. The photocell consists of

an infrared emitting diode facing a photodetector in a moulded plastic housing, shown

in Fig. 3.3 [Motorola, 2008]. On each axis is present a small metal plate that passes

through the photocell, interrupting the beam. The process is illustrated in Fig. 3.5: the

board receives the interruption signal from the photodiodes and records the number of

steps performed by each motor to arrive from the unknown starting position to the first

interruption one. It then records when the beam is visible again, meaning that the plate

has passed through the space. This process is repeated three times by moving the axis

back and forth, and the number of steps is used to find the exact location of the zero.

The arm positions can be passed either as a single triplet of values relative to the
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3.3. Laboratory test setup

Figure 3.5: The process for finding the zero position for a single axis. The arm starts
its movement at t0. At t1 the plate (A) starts interrupting the light of the photocell (B).
Then the plate continues its movement and it passes the beam at t2. By knowing the
number of steps between the 3 times t0, t1 and t2 the zero position is calculated.

orientation of the principal axes (ψ, θ, φ) or as a file containing N triples to simulate

long-lasting rotational movements.

The user can control the arm through a UI developed in C#. The UI takes user inputs

and converts them into previously-defined Arduino commands. The code on the board

converts the commands defined by the user into electrical output signals to control the

connected components.

In the PhD work, the first task was to write the source code to control the robotic arm

(Arduino Source Code) and then the interface in C#, which is shown in Fig. H.1.

Due to the construction features, it is impossible to cover the wide solid angle, but

the portion accessible is sufficient to perform the required tests. The robotic arm can

perform rotations up to 50 deg/s on each axis.

Before using the robotic arm, it was necessary to evaluate its movement characteristics

and the precision in reaching the preset angles.
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3.3. Laboratory test setup

Figure 3.6: Schematic representation of the custom robotic arm used in the tests. Top
view (left), front view (middle) and profile view (right). The dashed lines represent
the allowed rotations. The position of the 3 stepper motors is indicated by the white
lightning.

3.3.1 Robotic arm’s length

The initial length of the robotic arm was Li = 20 cm. As illustrated above, the arm

is made of non-magnetic material. However, it is moved by stepper motors, which

produce a magnetic field when in operation.

With the distance, Li from the sensor and the first upper motor, the overall distance

from the three motors is not negligible, especially when the arm is brought into positive

(downward) Pitch angles, as shown in the diagram in Fig. 3.8.

A test was carried out to see if the distance Li was sufficient to avoid interferences with

the Yaw measurements of the sensors. A pair of IMUs were used: one fixed on the arm

and one on a raised support at the same height as the mobile sensor when the arm was

at rest position, as shown in Fig. 3.7. The arm performed repeated movements during

the test, both for Pitch and Yaw. The Yaw value measured by the sensors was evaluated,

as it is the value depending on the magnetometer [Hillcrest, 2017]. By observing the

fixed IMU’s Yaw measurement, a non-constant and non-negligible signal was observed,

as shown in Fig. 3.7. This test was repeated by changing the distance between the

robotic arm and the fixed sensor’s support, La, going from 1cm to 20cm. Maximum

variations of 6 deg, 2 deg and 1 deg for the fixed sensor’s Yaw were found, respectively.

For values greater than 20 cm, the variation introduced is negligible if compared to the

sensor’s nominal accuracy [Hillcrest, 2017]. Conservatively, the arm was extended by

30 cm. The length of the cables and the torque of the motors limited the extension, as

described in Chapter 2. The length of the mobile arm used in the subsequent tests on
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3.3. Laboratory test setup

Figure 3.7: Diagram of the response tests of the fixed sensor at different distances La

from the tip of the arm. The maximum Yaw variation is reported to the right.

the devices was therefore equal to Lf = Li + La = 50 cm.

3.3.2 Robotic arm’s accuracy estimation

The overall precision of the robotic arm has been estimated through an optical reference

system, using a laser pointer aligned to the axis of the arm. A laser point was projected

on a wall at a distance D = 3.36m from the axis of rotation, as shown in Fig. 3.9. The

angle was calculated as Eq. 3.2:

(3.2) θ =
180

π
· arctan(

L1

D
)

and the same for ϑ.

The first series of tests was used to find the positioning repeatability. The arm

performed ns = 5 sequences of movement repeated N = 10 times each. Each sequence

was characterized by a different speed vi, going from v1 = 10 deg/s to v1 = 50 deg/s,

and made the arm move in na = 50 different positions. These positions were randomly
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3.3. Laboratory test setup

Figure 3.8: Diagram of the distance from the 3 stepper motors. The linear scale of the
distance from the single motor is reported (right).

selected angles in the Yaw, Pitch and Roll space. At the end of each movement sequence,

the new zero position reached was measured. The distance from the starting point

was measured with a tape meter, with an uncertainty of 2.5mm. Calculating the

angular deviation from the initial position with Eq. 3.2 and taking the average of all the

measurements obtained, a repeatability of (0.09±0.07) deg for the Pitch and (0.06±0.04)

were found. By comparing the deviations found for different speed values, greater

repeatability for slower movements was found, probably due to the lower inertia of

movement upon reaching the target position.

A subsequent test was performed by running back and forth movements on a single

axis 800 times for Pitch and Yaw. The final deviation was within the measurement

uncertainty of our instrument.

The third test evaluated angular positioning accuracy. This test was performed at two

different distances, D1 = D for an angle less and equal to 26o, and D2 = 0.33m for

an angle up to 80o, due to limitations on the measurement setup. Values for D1 are

reported in Tab. H.1 and Tab. H.2, and values for D2 in Tab. H.3 and Tab. H.4. The

average found deviations were (0.1±0.1) deg for both Pitch and Yaw in the case of D1

and (1.2±0.3) deg for Yaw and (1.3±0.6) deg for Pitch in the case of D2. This accuracy
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3.4. Sensor and Measurement system

Figure 3.9: Setup for the characterization of the robotic arm. View from the side (left)
and from above (right).

is suitable to perform the tests on the BNO080 sensor, which has a nominal accuracy of

5 deg in Rotation Vector Mode [HillCrest, 2017a].

3.4 Sensor and Measurement system

For this study, the Sentry V2 has been used, as described in Section 2.5, which has a

microcontroller running proprietary software. This software provides signal processing

algorithms to obtain real-time 3D orientation and other parameters, depending on the

type of application.

A fundamental step before performing the measurement is sensor calibration. Calibra-

tion is a required procedure for most wearable motion analysis devices, as described

in [Walmsley et al., 2018]. Each sensor has different constructive characteristics, so each

device must be calibrated to give the best possible performance. Sensor imperfections

affect offset and scale factors. There are two types of calibration: static, i.e. correction of

parameters not variable over time such as gain, and dynamic, i.e. real-time adjustments

of the zero-rate offset (ZRO) and zero-g offset (ZGO), that correct gyroscope and ac-

celerometer offsets [HillCrest, 2017a]. The latter category also includes compensation

for local magnetic field distortions and temperature variation.

The first static calibration is made in the factory by the manufacturer. A second cal-

ibration is required when the sensor is mounted on a custom device. The datasheet

reports two different types of calibration that can be performed, different for planar or
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3.4. Sensor and Measurement system

3D movements [HillCrest, 2017a]. In the present work, the 3D calibration procedure

reported in [HillCrest, 2017b] had been used. The proprietary algorithm manages the

dynamic calibration of the BNO080 during use. This procedure calibrates the device for

the local magnetic field, considering the environmental soft-iron and hard-iron effects.

It is recommended to perform a calibration procedure each time the environment is

significantly changed.

The producer provides various algorithms to calculate the absolute orientation of the

device, optimised on the specific application and the number of internal sensors used.

Some methods maximise the continuity of the output, losing some accuracy. For exam-

ple, the Game Rotation Vector avoids the possible spurious discontinuities introduced

by Yaw’s drift correction. Other methods minimise consumption. For example, the

Geomagnetic Rotation Vector does not use the gyroscope. The most suitable algorithms

have been compared to select the best one for our use case.

In this application, the standard Rotation Vector Mode has been used, which combines

the information from all three sensors to give the absolute spatial orientation max-

imising the possible accuracy. This mode provides orientation output referenced to

magnetic north and gravity. The values of the angles are reported as unitary quater-

nions:

(3.3) qi =
[
q0i, ρ

T
i

]T
where i = 1, 2 identifies the two IMU sensors, q0 is the scalar part of the quaternion,

and ρ = [q1, q2, q3]T the vector part. The relative orientation of the two sensors is thus

calculated as:

(3.4) qdiff = q1 · q∗2

From the unitary fused quaternion, the Eulerian angles are obtained, converting

quaternion to the Yaw, Pitch, and roll system, expressed in the Earth frame: x-axis is

positive in the Magnetic North, y-axis is positive in the east direction and the z-axis is

positive towards the centre of the Earth (local gravity vector). The Euler angles can be
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3.5. Test for Accuracy, Repeatability and Drift

obtained from the quaternions using the relations:

(3.5)


φ

θ

ψ

 =


arctan 2(q0q1+q2q3)

1−2(q21+q22)

arcsin(2(q0q2 − q3q1))

arctan 2(q0q3+q1q2)
1−2(q22+q23)


where (ψ, θ, φ) = (Yaw, Pitch, Roll) = (Heading, Pitch, Bank). Rotation sequence can

be chosen freely by the user, depending on the application; for the development the

sequence Yaw, Pitch and Roll was used [Henderson, 1977].

In the Rotation Vector Mode, the maximum possible acquisition frequency is equal to

400 Hz. For the present analysis, a frequency of 100 Hz has been used, as it is largely

sufficient for the planned tests. The collected orientation data from the two IMUs are

packaged in pairs and then sent to the external transmission unit.

For the first set of measurements, the robotic arm was used. In the present work, only

movement speed above 10 deg/s was considered. Below this value, the arm movements

are not very fluid and could introduce spurious systematic effects to the measurement

of the IMU related quantities.

3.5 Test for Accuracy, Repeatability and Drift

Firstly, the response of the two sensors to the same movements has been evaluated.

The two IMU sensors were placed parallel on a rigid plastic support at a distance of

d = 2.5 cm from each other, as shown in Fig. 3.10. The distance was as small as possible

to minimise the magnetic field gradient between them. The robotic arm moved the

support. In the ideal case, the difference value between the two measured orientations

remains constant over time. The robotic arm movements have been defined following

a path covering the entire accessible solid angle, with combined movements on the

three angles.

Fig. 3.11 shows the distributions of the fused angles measurements, corrected by the

initial offset. Ideally, the measurement should be a delta centred around the angle

between the two sensors. The fused orientation measurements’ accuracy was estimated

by calculating the dispersion of the distribution around the central value for each axis.
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3.5. Test for Accuracy, Repeatability and Drift

Figure 3.10: The rigid plastic support used for testing the two sensors with the same
movements. The two black boxes represent the IMU sensors, and d is the distance
between the two.

This test is ideal because the two sensors are exposed to a similar magnetic field and

acceleration. It can be observed that the fused Pitch has a much more collimated peak

than the other two. Fused angle dispersions were estimated by calculating the standard

deviation (STD) of the peaks: (0.2±0.1) deg for the Pitch, (1.4±1.0) deg for the Yaw and

(0.9±0.7) deg for the roll.

It was subsequently evaluated how the measurement environment can alter the Yaw

measurement. This was performed by measuring the difference variation between

the Yaw calculated by the two sensors as they were rotated parallel with the setup of

Fig. 3.10. Ideally, the difference should remain constant.

Two series of tests have been carried on:

• in the first series of tests, the support containing both IMUs was manually rotated

360 degrees on the horizontal plane, in a magnetically-disturbed environment

such as the analysis laboratory;

• in the second case, the same sequences of movements were performed, this time

in an external environment free of electrical equipment and magnetic sources.

The results of these tests are summarised by Fig. 3.12. In a non-noisy environment, the

variation falls within the measurement uncertainty of 3.5 deg [Hillcrest, 2017], so there

is no dependence on directionality.
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Figure 3.11: Normalized counts of fused angles for pitch (upper plot), yaw (middle
plot) and roll (bottom plot).
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3.5. Test for Accuracy, Repeatability and Drift

Figure 3.12: A complete 360 deg planar rotation for parallel sensors in a noisy magnetic
environment (upper plot) and in an environment free of magnetic sources (lower plot).

In subsequent tests, one fixed sensor was kept on external support and one in

motion with the robotic arm, as shown in Fig. 3.13, in order to read the relative angle

measurement between them. This setup was used to evaluate repeatability, accuracy

and drift.

Firstly, the repeatability of the measurement was assessed. The arm followed a se-

quence of known positions several times, schematised in Fig. 3.16. In each position the

arm remained still for a time of ∆t seconds. Both the ZRO and the ZGO calibration

were performed during a steady time. The acquired data generate a series of peaks, as
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3.5. Test for Accuracy, Repeatability and Drift

Figure 3.13: The setup for testing the relative rotation measured by the two sensors,
from the side (left image) and from above (right image). The Sentry is depicted in blue.
The support (cardboard box) for the stationary sensor is raised to compensate for the
length of the cable.

shown in Fig. 3.17. Those peaks refer to the arrival positions; the negligible and approx-

imately flat off-peak counts are generated during the movements. The AHRS algorithm

corrections during the steady time can influence the estimate of the repeatability of the

measurement since it reduces the stability performance, i.e. the ability of the sensor to

deliver the same orientation measurement while it remains stationary. This behaviour

will be better described in the following.

By calculating the distance between the central values of the peaks and comparing it

with the nominal distance used in the sequence of movements, it is possible to estimate

the accuracy of the measurement. The same datasets used to evaluate the STD reported

in Table 3.3 were used, and the following accuracy values were estimated: (5.0±0.6) deg

for the Yaw, (5.4±0.6) deg for the Pitch and (1.3±0.3) deg for the roll. The reported

measurements were taken by minimising the soft and hard distortions of the magnetic

field caused by external sources and by the motorised arm.

To obtain an estimate of the measurement drift, instead, the critical parameter is the

duration of the acquisition. One of the possible ways to quantify it is to observe the

trend of the average position over time. Therefore a repetitive sequence of movements

was chosen performed for about 1 h. Fig. 3.14 shows a 70-min long acquisition of fused

Yaw, the angular value that suffers the most from drift, for a repeated sequence of

movements in different positions. The roll and pitch drift is negligible, thanks to the

correction provided by the accelerometer. The blue dots are the average yaw value over

1 min periods, and the red line is the linear interpolation of the blue dots. The fit results

can estimate a drift of (1.8±0.6) deg/h. This test was performed with v =10 deg/s,
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3.5. Test for Accuracy, Repeatability and Drift

v =30 deg/s and v =50 deg/s, giving compatible results. The drift does not depend on

the speed within the tested velocity range.

Figure 3.14: Tendency to drift for the fused yaw. The blue dots are the average yaw
value over 1 min periods and the red line is the linear y = p0 + p1 · x interpola-
tion of the blue dots. Fit results for the reported data are p0 = (176.1±0.2) deg and
p1 = (0.03±0.01) deg/min = (1.8±0.6) deg/h.

A last series of tests aimed to qualitatively evaluate the difference in the response

of the sensors to simultaneous changes in environmental conditions, accelerations,

and position, in a realistic usage scenario for our device, i.e. on a person’s arm. The

two sensors were placed parallel on a person’s arm on a rigid support, at a distance

d=10 cm from each other. The device was attached to the participant’s arm, parallel to

the humerus and with sensors at shoulder height. As the magnetic distortion in the

buildings is also dependent on the height from the floor, a parameter is fixed to evaluate

the magnetic variation mainly due to planar displacements in the environment, e.g.

during walking. In the ideal case, the fused angle would remain constant during the

movements of the rigid support. Measurements were therefore made by performing

three different activities:

• The computer work, which requires minimal arm movements, e.g. move between

mouse and keyboard.

• The normal walking: a comfortable gait speed of 145 cm/s [Bohannon, 1997].
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3.6. Measurements systematics

Table 3.2: Fused yaw variation to different types of activities

Activity Data dispersion [deg]

computer work ±2
walk ±4

fast movements ±5

Arm movement is the normal swing during walking.

• The normal walking but with rapid arm movements: as in the previous case but

with rapid and random arm movements in every direction.

Results are shown in Fig. 3.15 and the results for the fused Yaw, which presents the

most significant variation, are reported in Table 3.2. The table conservatively reports the

maximum variations observed among all the measurements. The maximum variation

is ±5 deg in the case of fast movements.

3.6 Measurements systematics

3.6.1 Movement systematics

This section analyses the measurement systematics caused by the different configura-

tions of the calculated motion sequences.

Several systematic tests have been carried out with the robotic arm configuration,

studying the impact of speed, dead time, and absolute position in the 3D space on the

sensor measurement accuracy. For example, increasing the speed and waiting time

in each designated position makes it possible to accumulate statistics in the peaks to

define the peak width better. The duration of the acquisition is important to study the

tendency to drift, the stability of the calibration status of the sensor, and increase statis-

tics to study the measurement’s repeatability. As the zero position of the arm is verified

periodically during a sequence, even for long-run sessions, there are no cumulative

systematic errors due to arm misalignment. The width of the peaks in Fig. 3.17 can

be used as an indicator of the measurement’s repeatability. The peak shape is due to

various contributions, from the sensor’s output to the AHRS algorithm filtering and

smearing effect. In principle, combining the various effects can lead to a non-gaussian
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Figure 3.15: Fused yaw values in different types of activities. Computer work (upper
plot), fast movements (middle plot) and walking (lower plot).
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3.6. Measurements systematics

Figure 3.16: Example of a sequence of movements performed by the robotic arm, where
the sequence is A-B-C-A-D-E-A, starting with (ψA, θA, φA) = (0, 0, 0).

Table 3.3: In-peak Standard Deviation [deg].

∆t [s] v [deg/s] Yaw Pitch Roll

1 10 1.77± 0.8% 0.64± 0.4% 0.22± 0.4%
1 30 1.62± 0.8% 0.84± 0.7% 0.20± 0.7%
1 50 1.95± 0.8% 0.82± 0.7% 0.15± 0.8%
5 10 0.90± 0.3% 0.40± 0.3% 0.11± 0.3%
5 30 1.51± 0.2% 0.48± 0.2% 0.17± 0.2%
5 50 1.14± 0.3% 0.38± 0.3% 0.10± 0.3%

The calculated values of the In-peak standard deviation for Yaw, Pitch, and roll at
different velocities and different ∆t are reported. Only the statistical uncertainty in

percentage is reported.

peak shape. For this reason, it was preferred to use basic statistical indicators such

as the STD to evaluate the peaks’ width. The STD calculation is performed after the

subtraction of the off-peak contributions. The results of the in-peak STD calculation for

different velocities and ∆t are shown in Table 3.3. The maximum STD is 1.95 deg for

the Yaw, 0.84 deg for the Pitch and 0.22 deg for the roll.

The procedure used to evaluate the In-peak width systematic uncertainties is re-

ported in the following. To calculate the standard deviation of a peak in the recorded

data, the off-peak counts have been removed by subtracting a polynomial function. A
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Figure 3.17: Distribution of counts for fused roll (upper plot), fused pitch (middle plot)
and fused yaw (bottom plot). Data are taken with v = 50 deg/s and ∆t = 1 s.
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Table 3.4: Standard Deviation Systematic Uncertainties

∆t [s] v [deg/s] Yaw Pitch Roll

1 10 65% 51% 14%
1 30 34% 26% 13%
1 50 82% 43% 66%
5 10 72% 34% 17%
5 30 19% 23% 8%
5 50 85% 28% 62%

The total standard deviation systematic uncertainties are reported for Yaw, Pitch, and
roll at different velocities and ∆t.

good description of the off-peak counts can be achieved with a second-order polyno-

mial function:

(3.6) f(x) = p0 + p1 · x+ p2 · x2

However, the quadratic contribution is relevant only for v = 50 deg/s. A linear in-

terpolation gives compatible results for lower velocity values, with a clear gain in

the fit stability. Thus a fixed parameter p2 = 0 has been used for v = 10 deg/s and

v = 30 deg/s. The fit is performed in a data region away from the peaks, covering

the central 60% portion of the distribution. An example of the fit (red line) and the

distribution after subtraction (full black peak) is shown in Fig. 3.18 for v = 50 deg/s.

Systematic uncertainties on this procedure were evaluated by varying the following

parameters:

• Histogram binning, varying the histogram bin number N to 2 ·N and 0.5 ·N .

• Fit interval’s width. Nominal values are obtained fitting the central 60% of bins.

This value varies between 50% and 70%.

• Fit parameters p0, p1, p2 (where they were not fixed). p0 and p2 are independently

varied in positive and negative by their respective fit errors. p1 is varied putting

its value to zero since the asymmetrical part of the distribution should in principle

be null.
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3.6. Measurements systematics

The systematic contribution σsys has been evaluated considering the half difference

between the standard variation calculated with a positive and a negative variation of

the considered parameter as described above.

(3.7) σsys =
STD∆+ − STD∆−

2

where STD is the In-peak standard deviation calculation on the peak after the off-

peak counts subtraction. In Table 3.5 the systematic contribution for each parameter

is reported, expressed in percentage of the nominal standard deviation value. The

largest contributions are due to the p2 variation since it is related to the second-order

contribution to the fit result.
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Figure 3.18: Fused roll distribution before (blue line) and after (full black histogram)
the off-peak counts removing process, for ∆t=1 s and v=50 deg/s. The second-degree
polynomial fit result on the central counts is shown in red.

In Table 3.4 the total systematic uncertainties in percentage are reported, evaluated

by varying the parameters used in the off-peak measurements subtraction procedure, as

described in Section 3.6.2. For low velocity and low ∆t values, the off-peak contribution

can not be considered negligible. It can influence the STD calculation, potentially

overestimating the peak width. For this reason, different ∆t values, i.e. 1 s and 5 s, were

evaluated.
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3.6. Measurements systematics

Table 3.5: Systematic Contributions [%] for yaw, pitch, and roll.

Yaw

∆t [s] v [deg/s] N w p0 p1 p2

1 10 22 39 42 20
1 30 13 25 20 1
1 50 6 4 34 31 67
5 10 18 22 42 51
5 30 5 11 9 12
5 50 3 1 40 10 74

Pitch

∆t [s] v [deg/s] N w p0 p1 p2

1 10 29 25 33 0
1 30 8 22 11 0
1 50 23 9 2 35 5
5 10 1 22 25 0
5 30 6 20 10 0
5 50 12 1 1 24 6

Roll

∆t [s] v [deg/s] N w p0 p1 p2

1 10 6 6 11 0
1 30 1 7 8 6
1 50 0 0 6 21 62
5 10 6 7 11 9
5 30 2 7 3 1
5 50 1 0 24 2 58

Systematic contributions σsys given by the variation of the bin number N , the fit data
interval width w, and fit parameters p0, p1 and p2. The values are expressed in

percentage of the nominal standard variation value.
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Figure 3.19: Fused yaw measurement during a sequence of repeated movements with
a waiting time of 5 s in the two preset positions. The convergence behaviour of the
algorithm can be observed in the plateau regions.

From the reported results, it can be observed that the AHRS algorithm takes a short

time to reach a final convergence. In fact, during the steady phases, the orientation

value slightly changes, as shown in Fig. 3.19, to reach the final horizontal asymptote.

This variation is observable every time the sequence of movements reaches a rest

position. The convergence time can be estimated in about 2 s. During steady times the

fused Yaw has a slightly different behaviour than Pitch and roll because, after 2 s, its

value does not remain as stable as for the other two axes, leading to an increase in peak

width, i.e. a reduction in the repeatability, as shown in Fig. 3.17.

This behaviour gives a contribution to the peak width and consequently to the standard

deviation estimation, influencing the results in Table 3.3, especially for ∆t=5 s. Only a

qualitative representation of this behaviour has been reported since the contribution

has already been considered through the standard deviation estimation.

3.6.2 Soft and hard iron effects

This section describes the systematic sources of the sensor’s output caused by envi-

ronmental factors. One of the aspects that have been studied is the dependence of

the measure on soft and hard magnetic effects. The algorithm cannot completely com-
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3.6. Measurements systematics

Figure 3.20: Testing apparatus for evaluating the Yaw variation introduced by com-
monly used object and other object used during the thesis (e.g. monitor, smartphone,
stepper motor), by varying the distance L between the Sentry and the objects.

Table 3.6: Fused yaw variation to different types of disturbance sources

Source Distance [cm] Variation [deg]

smartphone 10 ±5
smartphone 5 ±15

monitor 25 ±5
monitor 5 ±35

stepper motor 20 ±5

pensate for the variations generated by magnetic field distortions. These variations

can be caused by the proximity of metallic or electronic objects. For this purpose, the

sensitivity of IMUs to changes in the magnetic field generated by everyday objects

has been tested. This analysis was performed by observing how the distance with

such objects can influence the measurement, obtaining the magnitude of errors in a

typical environment. This test replicated the procedure used in [Bachmann et al., 2004].

The setup is shown in Fig. 3.20, in which the two sensors are approached parallel to

the object. Table 3.6 shows some variations of fused Yaw observed for objects placed

at different distances. The errors appear in the azimuth portions of the orientation

estimates. Based on the reported results, it is clear that these deviations can be avoided

by keeping a distance of at least 30 cm from these sources of magnetic interference. In

the case of larger equipment (e.g. steel shelves, simple appliances), the distance to be

maintained must be greater, about 60 cm, as reported in [Bachmann et al., 2004].
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3.6. Measurements systematics

The sensor output can react to local variations in the magnetic field. However, in

some cases, mainly due to sudden changes in the conditions, it presents variations up

to 35 deg, e.g. in the case of proximity to a standard desktop monitor. The distance

within which these phenomena are relevant is by a factor 2 less than the 60 cm reported

in [Bachmann et al., 2004].

Another way to evaluate the effect of hard and soft magnetic field effects is to compare

the measurements for different orientations of the whole setup, as shown in Fig. 3.21.

The setup was rotated on the horizontal plane, repeating the measurements on the

same sequence of movements. Deformation of the signal due to the magnetic field

was observed, which depends on the absolute orientation. This deformation has two

visible effects: a variation of the offset measured between the two sensors (producing

a rigid shift of all the peaks in one direction) and the relative distance between the

peaks. This effect is visible in the 180 deg rotation, shown in Fig. 3.23. The deformation

is repeatable both for rotations and for translations. The maximum difference in the

peak position during a complete rotation does not exceed 10 deg for all the considered

rotations, with maximum variations measured for the yaw angle.

The analysis of the deformations for other angles was performed. Soft and hard iron

effects can introduce a dependence on the horizontal orientation of the measurement

setup. A series of tests were performed, repeatedly sampling the values of the same

angle in Yaw, Pitch, and roll, for different device orientations, as shown in Fig. 3.21.

The variations of the measurement output due to the different orientation are reported

in Fig. 3.22 (for setup rotation of -180, -45, 0, 45, 90, 135, 180 deg.). Negative and

positive values indicate opposite directions of setup rotation. There is no evidence of

a dependence on the direction of the rotation. For the discussion of the results, see

Sec. 3.6.2.

3.6.3 Temperature dependence

The response of the sensors to temperature change was assessed. The setup was placed

in a closed box with active temperature control, equipped with a hot air fan and a

thermocouple, as schematised in Fig. 3.24. The temperature varied between 20◦C and

50◦C, conservatively larger than the normal operating conditions of a human subject
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Figure 3.21: Rotations of the whole setup for the evaluation of soft and hard iron effects
due to the absolute direction. Angles went from -180 to 180 deg.

in a domestic environment. The measured variations do not exceed 5 deg for the Yaw,

4.5 deg for the Pitch and 1 deg for the roll. A test with temperature between 42◦C and

49◦C and a final decrease down to room temperature is reported in Fig. 3.25.

3.7 Discussion

The various tests presented in this chapter show that is it possible to measure the

relative orientation of the two IMU sensors with good accuracy and robustness to

environmental factors. An accuracy of (5.0±0.6) deg for the Yaw, (5.4±0.6) deg for the

Pitch, and (1.3±0.3) deg for the roll has been measured in standard conditions. These

values are close to the accuracy values of commercial sensors with customised software,

which have errors equal to or less than 5 deg when compared to the values of the

simulated limb movement on a robotic device [Walmsley et al., 2018].

Measurements have repeatability, estimated by a standard deviation of 1.95 deg for

Yaw, 0.84 deg for Pitch, and 0.22 deg for roll. The average fused yaw measurement drift

is reasonably low, less than 2 deg/h. The results seem to be slightly less accurate for

the yaw measurements when the device is subjected to continuous fast movements.

In this case, the accuracy decreases at values up to 10 deg. From the analyses carried

out, the limits of the device are mainly related to the hard and soft iron effects, which

incidence can vary by application. The measurement uncertainties seem to be more

than acceptable for the clinical applications targeted by the system, i.e. in the post-

surgical limb rehabilitation. In this context, it could be applied to tutors and track the
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Figure 3.22: Orientation measurements for a fixed sequence of movements and different
horizontal setup orientation. Yaw (upper plot) and pitch (lower plot) displacements
are reported.
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Figure 3.23: Different peaks’ position before and after a setup rotation of 180 deg, for
the yaw (upper plot) and the pitch (lower plot), measured during repeated movements.
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Figure 3.24: Experimental setup for the temperature response test.

limb movements to alert with bio-feedbacks for unsafe movements that could put the

healing and rehabilitation process at risk. The system could also be applied to passive

exoskeletons, i.e. without active electromagnetic parts or metallic components, to help

analyse the subject’s movements. The autonomy test of the Sentry shows that it is

capable of performing (12.0± 0.8) h of continuous acquisitions.

3.8 Conclusion

The potential of a device based on a pair of independent BNO080s was tested. Angular

accuracies of 5.0 deg for the fused Yaw, 5.4 deg for the fused Pitch, and 1.3 deg for the

fused roll were found, observing various environmental conditions and conducting

several measurements campaigns. However, these measurements can be affected by

local distortions in the magnetic field, which can reduce accuracy. It has been found

that in order to avoid measurement errors, the device must be kept at least 30 cm from

electric equipment turned on or containing ferromagnetic materials.

Some of these results have been published [Stanzani et al., 2020].

The advantage of this device is the reduced battery consumption and the small foot-

print. These features can guarantee long data acquisition periods, even in an ecological

environment. For such a device, there are various possible applications, e.g. the study of
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Figure 3.25: Fused angles response to temperature variation for Yaw (upper plot), Pitch
(middle plot) and Roll (lower plot).
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