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Inertial and magnetic sensors, attached to various segments of the human hand, can be used to measure 
movements of the hand. This paper proposes a new method to assess hand kinematics by applying an 
Extended Kalman Filter in which prior information of the hand is fused with actual measurements 
obtained from various sensors. 
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1. INTRODUCTION 

Analysis of hand kinematics is important in several application areas, such as rehabilitation, sports and 
ergonomics. In particular, ambulatory tracking of the whole hand configuration is valuable for kinematic 
assessment under daily life conditions. Current instrumented glove systems primary use resistive, magnetic or 
optical sensing methods [1]. A common drawback of these systems is that the sensing elements are mounted 
across the phalangeal joints, which requires an accurate alignment of body and sensor axes. Moreover, sensors 
that measure joints with multiple degrees of freedom (DoF) are difficult to calibrate because they often suffer 
from crosstalk due to misalignments. Finally, current instrumented gloves do not measure the translational 
and rotational movements of the complete hand, which is important when assessing the functionality of hand 
movements.

Inertial sensors combined with magnetic sensors have proven to be accurate in estimating orientations without 
the need for external actuators or cameras [2]. The development of MEMS technology resulted in tiny and 
low-cost Inertial Measurement Units (IMU’s) that could be implemented in textile clothing easily without 
impairing the freedom of movement and tactile sensations. 

It is the objective within the PowerSensor project [3,4] to assess the kinematics of the hand using 3D inertial 
and magnetic sensors, which are attached to the various segments of the hand. To minimize hardware needs, 
our current version only allows for tracking of the thumb and index finger with 3D accelerometer and 
magnetometer pairs, and in addition to, tracking of the hand with a full IMU. However, the described 
algorithm can handle all fingers and thumb in parallel, so as to capture the movement of all degrees of 
freedom of the hand. 

2. METHODS

Theory
The human hand is a highly articulated system but one that is also highly constrained. It’s skeleton can be 
modeled with 21 internal DoF (Fig 1). The distal interphalangeal (DIP) joints and proximal interphalangeal 
(PIP) joints of each finger have one DoF each, while the metacarpophalangeal (MCP) joints have two DoF. 
Unlike the fingers, the thumb has five DoF. There are two at the trapeziometacarpal (TM) joint, two DoF at 
the metacarpophalangeal (MCP) joint and the remaining DoF is located at the interphalangeal (IP) joint [1].

Figure 1. (Left) Capital bones of the human hand. Joints are indicated with their abbreviations. (Right) 
Defined coordinate frames within the various bones of the index finger.
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Estimation of kinematics at any one time is calculated using an Extended Kalman Filter (EKF). The Kalman 
filter requires a model that describes the evolution of the process and the relation between the measurements 
taken and the current states, which are the relative segment orientations. The articulated finger and thumb 
were modeled as two kinematic chains originating from the hand coordinate frame (!! ). This frame is 
defined by the y-axis pointing to the MCP joint, the z-axis pointing outwards with respect to the dorsal side of 
the palm and the x-axis is defined according the right-handed coordinate frame (Fig. 1). The position of the 
fingertip (!!

! ) in global frame (!! ) is obtained after transformation of the fingertip expressed in the distal 
segment (!!

! ), which can be described by multiplication of subsequent transformation matrices (H) (Fig. 2):

This net transformation !! !" ) contains a rotational part !!!!" !, which is the orientation matrix as function of 
the net quaternion, and a translational part !!

! , which is the distal segment expressed in global frame. The 
former is estimated using the Kalman filter whereas the latter is measured in advance. In addition, the
orientation of the sensors with respect to the particular segment is obtained during a calibration measurement. 

Relative orientation estimates between two linked segments are used for the Kalman’s filter input. To estimate 
the orientation we use a 3D accelerometer as an inclination estimate and a 3D magnetometer to estimate the 
heading. Now, solving the following cost function result in the optimal orientation estimate (!!! ) between 
two linked segments, for example the hand (H) and the proximal phalanx (M) [5]:

The optimal orientation (!!" ) transforms the set of independent vectors measured at the proximal phalanx
into a second set of independent vectors, measured at the hand.

Next, during a measurement update the Kalman filter applies dimensionality constraints of the particular joint
using a virtual measurement. The angle around the constrained axis of rotation, for example endo-exoration of 
the MCP joint, should be zero in the optimal case [2]. In case of the MCP joint this can be measured using the 
dot product of the hand’s x-axis (!!

! ) and the z-axis of the proximal finger segment after transformation to the 
hand’s coordinate frame (!!!!! !!!

! ).

Figure 2. Modeled kinematic chain of four rigid bodies illustrating the hand with one finger. To all segments 
an accelerometer plus magnetometer pair was attached. Given are the vectors describing the position of both 
the joint and the IMU to its prior coordinate frame.
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Figure 3. (a) Single sensor PCB containing a 3D accelerometer and 3D magnetometer (b) Instrumented glove. 
The PCB’s are mounted in a synthetic housing (white). These sensor housings can be expanded with markers 
for optical measurements. In addition a full 3D IMU (orange, back of the hand is visible. The subject
repeatedly made contact with the tips of index finger and thumb (pinch task). 

Experimental methods
Multiple, custom made, printed circuit boards (PCB’s) equipped with a 3D accelerometer and magnetometer 
pair have been developed (Fig. 3a). They were mounted to the proximal and medial digits of both the index 
finger and the thumb. In addition a commercial IMU (Xsens technologies), containing a 3D rate gyroscope, 
3D magnetometer and 3D accelerometer) was attached to the back of the hand (Fig. 3b). Sensor data is 
captured by a microcontroller and subsequently transmitted via USB to a computer where it has been 
processed offline in Matlab.

3. RESULTS

As an example trial, one subject performed a pinching task, i.e. the thumb and index finger start completely 
extended and are subsequently brought in contact by flexing the particular joints (Fig. 3b and 4). 

Figure 4. Pose estimate of the hand, index finger and thumb during a pinch task (Fig. 3b). Both index and 
thumb chains originate from the wrist. The axes of joint coordinate frames and end-effectors of both thumb 
and finger chains are indicated (x is blue, y is green and z is red)
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4. DISCUSSION

The accuracy of the system is currently being evaluated using an optical reference system (PTI VisualEyez 
4000). 

It should be noted that an inaccurate calibration of sensor to segment orientation causes incorrect orientation 
updates. We are currently working on a sophisticated calibration method that should result in a more accurate 
calibration.

The current method determines the relative orientation using 3D accelerometer and magnetometer pair 
outputs. It is assumed that the difference in inertial acceleration between two subsequent segments is zero or 
at least small compared to the gravitational acceleration. Hence, during tasks with large finger accelerations 
(dynamic tasks like piano playing) the error of estimated orientation will be significant. Moreover, it is 
assumed that both magnetometers are exposed to the same magnetic fields. Local field disturbances to either 
of both sensors will also result in incorrect orientation estimates. 

Therefore a new glove system is currently under development where, in addition to the current sensory, 3D 
rate gyroscopes will be applied to estimate the orientation under conditions with large inertial acceleration and 
disturbed magnetic fields.  
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