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Automatic anatomical calibration for IMUbased elbow angle measurement in disturbed
magnetic fields
Inertial Measurement Units (IMUs) are
increasingly used for human motion analysis. However, two
major challenges remain: First, one must know precisely in
which orientation the sensor is attached to the respective
body segment. This is commonly achieved by accurate
manual placement of the sensors or by letting the subject
perform tedious calibration movements. Second, standard
methods for inertial motion analysis rely on a homogeneous
magnetic field, which is rarely found in indoor environments.
To address both challenges, we introduce an automatic
calibration method for joints with two degrees of freedom
such as the combined radioulnar and elbow joint. While the
user performs arbitrary movements, the method automatically
identifies the sensor-to-segment orientations by exploiting
the kinematic constraints of the joint. Simultaneously, the
method identifies and compensates the influence of magnetic
disturbances on the sensor orientation quaternions and the
joint angles. In experimental trials, we obtain angles that
agree well with reference values from optical motion capture.
We conclude that the proposed method overcomes mounting
and calibration restrictions and improves measurement
accuracy in indoor environments. It therefore improves the
practical usability of IMUs for many medical applications.
Abstract:

confined to expensive laboratory environments. In contrast,
Inertial Measurement Units (IMUs) facilitate ambulatory
realtime motion analysis with comparably good accuracy, see
e.g. [4-6]. However, the orientation of each IMU with respect
to its body segment must be known to derive useful
kinematic quantities. This is commonly achieved by accurate
manual placement of the IMUs [1] or by asking the subject to
perform tedious calibration movements [3]. However, it was
recently demonstrated that sensor-to-segment orientations
can also be determined from the data of arbitrary upper or
lower limb motions [4, 6]. This is achieved by exploiting the
kinematic constraints imposed by the approximate 1D joint
(knee) or 2D joint (combined radioulnar and elbow joint).
These methods highly increase the practical usability of
IMUs in clinical applications. However, as the vast majority
of IMU-based motion analysis protocols, the method for 2D
joints relies on a homogeneous magnetic field, which is
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1 Introduction
While marker-based optical motion capture is considered a
gold standard for human motion analysis, this method is
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Figure 1: (a) Kinematic model of the elbow joint. Upper arm and
forearm are connected by two revolute joints, allowing for
flexion/extension and pronation/supination. The goal of anatomical
calibration is to determine and in the frame of the respective
IMU. (b) View onto the - plane. The carrying angle is described
by a fixed rotation between flexion/extension and
pronation/supination, as recommended by [9].
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rarely found in indoor environments. This implies that
magnetic disturbances cannot only affect the measured joint
angles, but can also decrease the accuracy of the automatic
anatomical calibration. In the current contribution, we build
upon the previous work [4] and propose a method for
automatic sensor-to-segment calibration that identifies and
compensates the effect of magnetic disturbances.
We model the joint rotation using Euler angles, as
recommended in [9]. The rotation sequence consists of
flexion/extension,
a
fixed
carrying
angle,
and
pronation/supination, cf. Fig. 1. This implies that the
flexion/extension (FE) axis is fixed in the upper arm frame,
while the pronation/supination (PS) axis
is fixed in the
forearm frame. The goal of anatomical calibration is to
determine the (constant) coordinates
and
in the local
coordinate systems of the upper arm sensor and forearm
sensor, respectively.

2 Method
Two inertial sensors
and
are placed on the subject's upper
arm and forearm in unknown orientations and measure the
angular rates
and
in local coordinates. We use
(potentially on-chip) sensor fusion of the gyroscope,
accelerometer and magnetometer readings to obtain estimates of
the quaternions
and
describing the sensor orientation
w.r.t. a fixed frame . To this end, we use a recent sensor fusion
algorithm that limits the influence of magnetic disturbances to
the heading while keeping the inclination unaffected [7]. The
effect of magnetic disturbances can therefore be expressed by the
estimated orientations
and
being given in different
global reference frames
and , which are rotated around the
vertical global -axis (cf. [2]), i.e.
( )
with
being the heading error that is caused by the
magnetic disturbance.
We introduce the square bracket operator to express
when a three-dimensional vector is transformed into another
coordinate system by multiplying it with the respective
quaternion and its inverse, e.g.
(2)

2.1 Joint constraint in angular rates
The addition theorem for angular velocities allows us to
express the relationship between
and
as

(3)
with
being the scalar FE angular rate and
being the
scalar PS angular rate.1 We assume a heading error
and thus replace
by . Taking the scalar product with
on both sides and making use of the fact that
yields
(4)

This constraint must be fulfilled for each sampling instant
and can therefore be used to estimate the joint axes from a
large number of data sets
.
To evaluate the joint constraint, we need the quaternions
and
. Calculating the latter requires
knowing the heading error
. Assume that, on short time
scales, the heading error is constant or almost linear in time,
i.e. it can be approximated by
(5)
This means that during the automatic sensor-to-segment
calibration, both the joint axis coordinates and the heading
difference (i.e. and ) must be identified.

2.2 Joint axes parametrization
The joint axes
and
are unit vectors and can
be expressed using the spherical coordinates
(6)
or the alternative spherical representation
(7)
To avoid the singularity
representation to the other whenever

, we switch from one
.

2.3 Cost function and optimization
With the parameter vector
define the error for each sampling instant

we
as
(8)

Making use of the fact that the product rule holds for
quaternion multiplication and by using Rodrigues' rotation
formula, we calculate analytical expressions for the gradient
that only depend on the parameters
and on the
measurements , ,
and
.
For a set of
measurement samples and a given
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parameter vector, we can therefore calculate the error vector
and the Jacobian
with
(9)
To estimate the joint axes
and
and the heading
difference
, we minimize the sum of squares
using the Gauss-Newton algorithm [8].

Calculating - - Euler angles
of
yields the
FE angle , the (ideally fixed) carrying angle , and the PS
angle . However,
and
still have an unknown zero
point that depends on the actual sensor placement. 2 To
determine this zero point, assume that the true joint angles
and
at
are known. Evaluating
at
, we
obtain
and and calculate
(14)
(15)

2.4 Magnetic disturbance compensation
Having identified , , we compensate the influence of
magnetic disturbances on the estimated orientations by
calculating
via (1) and transforming
to
, i.e.
, or vice versa. Thereby, we assure that the
relative orientation
of both sensors is not
affected by the magnetic disturbance.
Note that the linear approximation of the heading
difference will only be valid for short time windows.
However, once the joint axis coordinates are identified, we
can keep them fixed and solve the least-squares problem
repeatedly for
and
only. Thereby, we can track the
heading difference and compensate its influence on the
relative orientation of the sensors repeatedly.

2.5 Joint angle calculation
As a result of the automatic sensor-to-segment calibration
and the magnetic disturbance compensation, we know the
joint axes
and
in local sensor coordinates and the
orientation estimates
and
in a common reference
frame. In order to calculate meaningful joint angles, i.e. Euler
angles of the relative orientation of one segment with respect
to the other, we must calculate body segment orientations
from the sensor orientations. With the axis-angle
representation of quaternions

(10)

we can determine segment-to-sensor orientations
(11)
(12)

which yields the relative orientation
with the desired values at

and the joint angles
.

3 Experimental validation
We validate the proposed method against an optical motion
capture system (Vicon Motion Systems Ltd. UK). Optical
markers are placed on bony landmarks that allow for the
measurement of the elbow angles according to the ISB
recommendations [9]. Inertial sensors (XSens MTw, Xsens
Technologies B.V., Netherlands) are placed on upper arm close
to the elbow and on the forearm close to the wrist. The subject
performs a sequence of pick-and-place and drinking motions. In
total, 12 trials with three different velocities are used, with the
trial duration ranging from 7 s to 17 s. To simulate a worst-case
scenario, we add an additional heading disturbance with an
amplitude of 80° to the magnetic field measurements.
The proposed joint axis estimation, magnetic disturbance
compensation and joint angle calculation method is applied
for each trial. We compare the resulting angles to the angles
obtained from the optical reference system. At the first time
instant of each trial, we use the optical angles to determine
and
as described in Section 2.5.
Figure 2 shows inertial and optical angles for an
exemplary trial. Note that the angles agree well despite the
large heading disturbance that was added to the measurement
data. Note furthermore that the deviation between both angles
is not zero-mean but instead consists of a constant offset and
a time-varying component. Table 1 presents results from all
analyzed trials. On average, we obtain flexion/extension and
pronation/supination angles with offsets of 4.1° and -5.2°
degrees and standard deviations of 3.4° and 6.6°,
respectively. The standard deviations are within typical
ranges [4] and the offsets might be due to small differences
of the zero-pose angles or the identified joint axes.

that ensure that the respective joint axes correspond to the
axes defined by the ISB [9]. This allows us to calculate the
relative segment orientation
(13)
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orientations in which sensor 2 might be attached to the forearm.
Unauthenticated
Download Date | 10/22/19 8:53 PM

170

repeated online estimation of the joint axes and the magnetic
disturbance.

Author’s Statement

Figure 2: Comparison of the FE angle , the carrying angle and
the PS angle for a representative trial. The IMU-based angles
obtained with the proposed method (solid) agree well with the
optical reference angles (dashed). Also, note that the IMU-based
carrying angle varies less than the reference.
Table 1: Deviations between inertial and optical measurements
[°].
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Table 1 also compares the standard deviation of the carrying
angle
for both methods. If the real joint exhibits two
degrees of freedom (Fig. 1) and the joint axes are accurately
known, then the carrying angle should be constant. Averaged
over all trials, the standard deviation of the IMU-based
carrying angle is 2.1°, while the standard deviation of the
optical reference carrying angle is 7.4°. This suggests that the
joint axes found by the proposed method describe the twodegrees-of-freedom joint better than the axes determined by
bony landmarks and the optical reference system.

4 Conclusions
We proposed a method for automatic sensor-to-segment
(anatomical) calibration that overcomes mounting and
calibration restrictions by exploiting the kinematic
constraints of joints with two degrees of freedom. Since it
compensates the effect of magnetic disturbances, the method
is highly suitable for indoor environments. For both reasons,
it improves the practical usability of IMUs for many clinical
and biomedical applications. Future work will focus on
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