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Abstract

In this paper, we propose an in-use calibration procedure for gyroscopes. The case report is a simple inertial measurement unit (IMU)
which is used in our current research on inertial motion-sensing for advanced footware. The IMU contains two biaxial accelerometers anc
one gyroscope; it is developed for being mounted on one subject’s foot instep, with the aim to reconstruct the trajectory in the sagittal plane
of the sensed anatomical point. Since the IMU sagittal displacements can be estimated by performing strapdown integration, they can als
be compared with their true values. One movement, which corresponds to known (vertical) displacements, consists of foot placements fror
the ground level on to top of steps of known height (step climbing). Provided that the IMU accelerometers are calibrated separately by any
standard calibration procedure, motion tracking during the stepping movement allows to estimate the gyroscope sensitivity. The experiments
results we present in this paper demonstrate the proposed in-use calibration procedure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion without the restrictions, the encumbrance and the costs
associated to the use of standard equipment existing within
With the term inertial measurement units (IMU), it is traditional motion analysis laboratories, e.g., video motion-
customary to name devices, which embody inertial sensorssensing.
— gyroscopes and/or accelerometers — mostly for being in- IMU attached to the body of tested subjects in several
stalled on man-made vehicles where navigation assistanceanatomical positions (head, chest, trunk, thigh, shank and
is required, including spacecrafts, aircrafts and robots. The foot) can be used to reconstruct joint angle rotations, to esti-
signals produced from these sensors — angular velocity andmate spatio-temporal parameters of gait, to perform sophisti-
linear acceleration — can be processed to sense movement anchted motion tracking functions, owing to their capability of
orientation of the moving body where they are affix¢H reconstructing the trajectory of sensed anatomical points in
Quite recently, inertial motion-sensing has found wide ac- the three-dimensional spal@. Reported applications in the
ceptance in other technological fields, including quantitative medical field are to monitor activities of daily living and to
motion analysis as applied in biomedical and rehabilitation estimate the energy expenditure incurred during a functional
engineering. The main reason for this growing popularity is activity [3], both in normal and pathological conditions.
due to the opportunity they offer to sense motion and orienta-  One of the most critical aspects connected with the use
of inertial motion-sensing is represented by the influence of
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the reconstructed trajectory is unreliable and inaccurate. For A
applications in the biomedical field, it is thus of the utmost
importance the development of calibration procedures which B a
can be used to check and verify the sensor offsetand sensitv- %  § |74 a,
ity during normal use of the IMU. Simple in-use calibration
procedures for inertial sensors are describeldjnthey are
based on the possibility to move the sensor case in different
orientations relative to the gravity field (accelerometric cali- 0 |
bration) or to rotate the sensor case through known rotation !
angles (gyroscopic calibratiofy)]. This possibility to manip-
ulate the sensor case is precluded once the IMU is affixed to
the body. A reasonable approach is then to instruct the subject
to move, in order to get the information needed to verify sen-
sor calibration. In Ref5], a simple procedure is described for
achieving in-use calibration of triaxial accelerometers that are
body-mounted. The procedure exploits the known fact that, Fig. 2. IMU affixed to foot instep.
in static conditions, the norm of the acceleration vector from
a triaxial accelerometer would bg {g =9.81 m/g). The in- 2. Instruments
structions are then to change postures and to let the system
to collect the sensorial information needed for calibrationin ~ The IMU (Fig. 1) for advanced footware sketched in
the new postures. Similar-in-concept in-use calibration pro- was proposed to estimate a number of interesting gait
cedures are not yet available for gyroscopes. In this paper,parameters—stride time/length, cadence, walking speed and
we propose a simple in-use calibration procedure for gyro- incline. Itwas composed of one gyroscope (Murata ENC-03J)
scopes. The procedure is applied to the IMU for advanced and two biaxial accelerometers (Analog Devices ADXL210),
footware we are currently working on. After accelerometers arranged to form atriad of mutually perpendicular accelerom-
are calibrated by standard procedures, movements such asters; on IMU board are also integrated two simple driver cir-
climbing a step of known height are performed. Provided cuits to interface sensor analog outputs: the accelerometric
that the strapdown integration is performed by combining signalis sentdirectly to a buffer while the gyroscopic signalis
accelerometer and gyroscope signals, the optimal value ofsent to an analog filtering stage (accordingly Waéh). Both
the sensor sensitivity for which the estimated distance comesbuffer and filtering circuits are made using a dual low-cost,
closer to the true distance, which is assumed to be known,rail-to-rail and single supply operational amplifier.
is searched. The level of agreement between the proposed Once the IMU is affixed to the foot instep as shown in
in-use calibration procedure and standard calibration proce-Fig. 2, the sensitive axis of the gyroscope is oriented in the
dures is analyzed and discussed in the experiments reportednedio-lateral direction.
in this paper. During both procedures, we verified thermal = The gyroscope measures the angular velocity around its
stability to assure that temperature did not influence sensorsensitive axis, assumed to be orthogonal to sagittal plane, and
output. allows to reconstruct IMU orientation in the sagittal plane
In the last section is then described a simple motion anal- 6 by integration; the knowledge df is needed to project
ysis experiment, the reconstruction of foot movements dur- sensor output acceleration components, [a,] over the
ing stair climbing, to test results obtained through in-use sagittal directionsdy, az] and also to remove gravitational
calibration. contributiong.
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Fig. 1. IMU board containing two biaxial accelerometers, one gyroscope and a simple analog circuit.
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